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Abstract

Soybean cyst nematode (SCN, Heterodera glycines) is the most damaging pest in
soybean production worldwide. The compatible interaction of SCN with susceptible
soybean plants is mediated by differential expression of thousands of genes in the
infected root cells, leading to the formation of a functional feeding site, the syncytium.
During an incompatible interaction of SCN with resistant soybean, the developing
syncytium degenerates leading to nematode death. The resistance to SCN in soybean is
derived from two major loci, Rhgi and Rhg4. In this study, the role of genome-wide
DNA methylation in regulating gene expression during the compatible interaction was
examined using susceptible soybean cultivar ‘Williams 82’. The analysis revealed that
SCN induces both hyper- and hypomethylation in thousands of genomic regions
overlapping with genes. The level and pattern of DNA methylation in various genic
regions were found to impact gene transcription. A significant number of the
differentially methylated genes was found to overlap with genes known to be
significantly differentially expressed in syncytium, providing the first experimental
evidence that syncytium transcriptome is epigentically controlled. In addition, the
levels and patterns of DNA methylation were compared between the compatible and
incompatible interactions using a pair of near-isogenic lines differing in Rhg4 allele. The
methylomes of two near isogenic lines, susceptible (TN09-16) and the resistant (TN09-
29) were substantially different both under SCN-infected and non-infected conditions.
Stably heritable as well as novel non-parental differentially methylated regions in genes
with functions related to SCN parasitism of soybean were discovered. Furthermore,
differential DNA methylation in microRNA genes was also examined in the susceptible
and resistant lines in response to SCN infection. A number of differentially methylated
microRNAs were identified specifically in the susceptible lines, Williams 82 and TNo09-
16, indicating that various components of epigenetic mechanisms are mutually linked.
Taken together, profiling DNA methylation at single nucleotide resolution during the
susceptible and resistant interactions provided unprecedented insights into the role of

this epigenetic mark in determining the compatibility of the interaction between



soybean and SCN by impacting the expression of protein-coding and microRNA genes

as well as transposable elements located nearby genes.
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Chapter 1: General introduction and literature review



1. Introduction

Nematodes are unsegmented microscopic roundworms that inhabit a wide range of
habitats. They contribute to many ecosystem functions, including nutrient cycling and
biological control (Ferris, 2010). Free-living Caenorhabditis elegans has become
increasingly popular as a model organism in the fields of neurobiology (Ankeny, 2001;
Sengupta and Samuel, 2009) and animal-microbial symbioses (Sifri et al., 2005). Other
pathogenic species affect billions of plants, animals and people across the globe. The
constitutive presence of diverse nematode population in soils is particularly threatening
to crops and livestock which make up our food supplies. Disease outbreak of the many
agronomically-relevant nematode species not only cripples plant productivity, but
devastates entire fields (Nicol et al., 2011). Plant parasitic nematodes (PPNs) may feed
on roots, stem, foliage, and flowers using a specialized parasitism structure called the
stylet. The stylet is the main morphological feature that distinguishes PPNs and allows
for parasitism. This structure is a long and hollow, yet rigid spear-shaped protrusion in
the anterior part of the nematode (mouth). Upon infection, PPNs use their stylet first to
penetrate the plant cell wall and gain access to water and nutrients being transported
throughout the plant. A small hole at the tip of the stylet provides an entry and exit
point for the animal to exchange pathogenic effector proteins with host-derived
nutrients. Effectors compromise host cell functions and help redirect nutrients,

ultimately resulting in disease.

While there is a diverse array of plant—parasite dynamics, PPNs are broadly categorized
in three groups based on their feeding habits. Endoparasites burrow inside host tissue
for feeding, whereas ectoparasites feed from the surface of the tissue. Semi ecto-endo
parasites may exhibit either behavior. PPNs are further categorized as sedentary or
migratory, based on nematode mobility during feeding. Migratory ectoparasites move
through soil and only temporarily stop to feed on plants in their path. Migratory
endoparasites, on the other hand, enter the plant and feed as they move from cell to cell,
causing immense cellular necrosis. Most migratory endoparasitic nematodes are
obligate parasites and feed on root cortical cells or aerial parts of the plant.

Ectoparasitic nematodes may also sedentarily feed on cortical and epidermal cells at the



same location for an extended period while remaining outside the plant (Tytgat et al.,
2000). Semi ecto-endo nematodes feed like migratory ecto-parasites during certain life
stages, but can also infiltrate the host completely for feeding. When sessile, semi ecto-
endoparasites induce a feeding structure within the host plants. Permanent feeding
structures are initiated by the sedentary endoparasitic nematodes to support their
development and maturation (Davis et al., 2004). It is in these tumor-like feeding
structures that plant resources are appropriated for nematode use. Plant cells are
dramatically modified by effector proteins to facilitate feeding site formation and import
nutrients for nematode growth and development (Hewezi and Baum, 2013). Through
this interaction, sedentary endoparasitic cyst and root-knot nematodes are the most
economically important species in agriculture. Nematode secretions are synthesized in
the three esophageal gland cells; two subventral and one dorsal cell (Davis et al., 2008).
Subventral glands are expected to be active throughout the life cycle of migratory
nematodes (Jones et al., 2014) In sedentary endoparasites, however, subventral glands
are active during the early stage of root penetration, migration and initiation of the
feeding site (Hewezi and Baum, 2013). In contrast, the single dorsal gland cell is active

during feeding site formation and nematode feeding (Gheysen and Mitchum, 2011).

2. Soybean Cyst Nematodes

Soybean cyst nematode (SCN) is a soil-dwelling obligate sedentary endoparasite. The
life cycle of SCN progresses through four juvenile stages, each followed by a molt
required to replace the outer cuticle. The first juvenile stage (J1) occurs inside the egg
and can be sustained for long periods of time. In the presence of exogenous cues from
nearby host plants, J1 molts to reach a second juvenile developmental stage (J2). This is
the infective and motile stage of SCN, where J2s hatch and move toward the soybean
root system. J2s penetrate root epidermis and migrate through cortical cells towards the
vascular cylinder. Once reaching a suitable procambial cell near primary xylem,
nematodes secrete effector proteins at the initial feeding site. The initial infected cell
begins to rapidly change in cytoplasm density and cell wall structure. Protoplasts of the

neighboring cells begin to fuse due to partial dissolution of cell walls. In this way, a



single feeding cell can merge with over 200 cells to form a large feeding structure, called
the syncytium. The characteristic features of syncytium are enlarged nuclei, dense
cytoplasm with heavy streaming, and high metabolic activity (Jones, 1981). Once the
feeding site is initiated and established, SCN remains sessile as it matures into an adult.
Gender of adult nematodes is determined by availability of food, where more males are
generated in cases of low supply (Triantaphyllou, 1973). When food is abundant, both
genders are produced and contribute to plant disease. Males briefly leave their feeding
site approximately 15 days after infection to fertilize females and remain in soil
thereafter (Triantaphyllou and Hirschmann, 1962). Females are large and bulbous
compared to males and remain stationary throughout their life. In just 3-6 weeks after
initial infection, females can lay hundreds of eggs inside its body causing her to form a
bloated, lemon shape. After the mothers death, its body transforms into a tough cyst
encapsulation around the eggs (Wyss and Zunke, 1986). Egg-containing cysts can
remain viable in soil for about a decade under amicable environmental conditions

(Inagaki and TsuTsuMI, 1971; Niblack et al., 2006).

Soybean (Glycine max) is the second most cultivated crop in the United States since its
introduction in Georgia in 1765 (Hymowitz and Harlan, 1983). As a major source of
edible and biodiesel oil, soybean demand has risen substantially in recent years and is
expected to continue (Lamers et al., 2014). Soybean is also used in rotations between
corn and wheat because of its interaction with nitrogen-fixing bacteria, Bradyrhizobium
japonicum, to improve soil fertility. Heavy infestation of SCN can result in crop losses of
up to 70% (Wrather and Koenning, 2006; Wrather and Koenning, 2009; Koenning and
Wrather, 2010).. Below ground symptoms include fewer nitrogen-fixing nodules, more
disease-related cysts, and root growth retardation. SCN pathogenesis also causes
chlorosis and stunting in the above-ground portions of the plant. Together, these
symptoms result in nutrition deficiencies that leave poorly productive plants. SCN
populations continue to increase in density and genetic diversity proportional to
increased soybean production. Vast abundance of genetic diversity in widespread
populations and limited SCN resistant strategies pose a serious problem for one of the

biggest crops of today (Wang et al., 2003).



2.1 SCN resistance in soybean

Several techniques have been developed to discover and understand the genetic basis of
resistance in soybean. Soybean genomics research has produced many candidate genes
for SCN resistance in the past decade. Soybean resistance to different SCN races (HG
types) is known to be conferred by multiple quantitative trait loci (QTL) (Concibido et
al., 2004). Yet, candidate gene discovery associated with large effect QTLs was stalled
for several years because leucine rich transmembrane receptor like kinase (LRR-RLK)
genes were thought to be the likely source of SCN resistance gene. In the case of tomato
and potato cyst nematodes, resistance is mediated by coiled coil nucleotide binding-
leucine-rich repeat (CC_NB_LRR) and toll-interleukin 1 receptors-nucleotide binding-
leucine-rich repeat (TIR-NB-LRR) classes (Kandoth and Mitchum, 2013). However,
these genes were discredited as candidate genes in soybean. Therefore, new
methodologies were adopted to pursue this cause. Broadly, these methodologies can be
divided into two groups, genetics approaches, and SCN-soybean interaction-based

approaches.

2.1.1 Genetics Approaches

Classical genetic analysis has been utilized extensively to identify genetic control of SCN
resistance in soybean (Rao-Arelli and Anand, 1988; Anand and Rao-Arelli, 1989). While
several putative QTLs have been suggested, ‘Rhg1’ and ‘Rhg4’ have been repeatedly
mapped in resistant genotypes. Rhg1 allele from PI 88788 designated as ‘rhgi-b’ is the
prevalent source of SCN resistance in commercially available soybean in the United
States. However, employment of this single strategy has led to the development of SCN
tolerance (Adee et al., 2008). Fine mapping of rhgi-b allele and silencing of the LRR-RK
gene at rhg1 locus using artificial microRNA provided evidence to depose LRR-RK as the
candidate for SCN resistance at the Rhg1 locus (Kim et al., 2010; Melito et al., 2010).
The Rhg1 associated region was later narrowed down to 31.2kb genomic segment,

containing three complete genes (Cook et al., 2012). Copy number of the 31.2kb genomic



region varies among soybean accessions (Cook et al., 2012). Based on sequence
homology, these three genes code for an amino acid transporter protein, a-SNAP or N-
ethylmaleimide-sensitive factor attachment protein, and a wound inducible protein
(WI12). ‘Williams 82’ is a susceptible soybean cultivar, which carries a single copy of the
genes identified at Rhg1 locus, whereas resistant accessions contain up to 10 copies. As a
trend, increased dosage of these three genes in soybean corresponds to higher resistance
against SCN. This was further validated when a susceptible cultivar became partially

resistant to SCN by overexpression of the three Rhgi genes (Cook et al., 2012).

In addition to copy number variations, soybean cultivars display three distinct versions
of Rhg1 gene sequences, Peking-type (P), P1I88788-Fayette type (F), and Williams 82-
type (W) (Cook et al., 2014; Lee et al., 2015). In summary, Rhg1 locus contains 3 genes
within the 31.2kb region, which are inherited as a one unit with varied copy number. For
example, the cultivar ‘Fayette’ carries a total of 10 tandem copies, nine of which are F
type and one copy is W type. Along with copy number variation and sequence type, plant
DNA methylation is a controlling factor of SCN resistance. Lines containing a single
copy of Rhg1 locus were found to be hypomethylated when compared to resistant lines
containing three copies. DNA methylation patterns of Rhg1 locus are stably inherited
(Cook et al., 2014). Rhg1 locus-derived SCN resistance is further complexed by its

interaction with another major SCN resistance locus, Rhg4 mapped to chromosome 8.

Epistatic interactions between Rhgi and Rhgg were first identified in ‘Forrest’, which
was developed by introgression of Peking-derived SCN resistance into a high yielding
variety (Meksem et al., 2001). Later, Lee et al. (2015) confirmed that cultivars carrying
few copies of the Rhg1 locus can only confer SCN resistance in conjunction with the
resistant allele at Rhgg4 locus. High copy number of Rhgi locus can confer resistance
independent of the Rhg4 locus (Lee et al., 2015). These results confirmed that not LRR-
RLK, but Rhg1 and 4 were the likely candidates for SCN resistance (Liu et al., 2011).
Positional cloning of Rhg4 locus in three RILs resolved the interval to an 8kb region that
contained only two genes. Of these, Serine hydroxyl methyltransferase (SHMT) was
validated as the SCN resistance gene through targeted RNA interference (RNAi) and



virus-induced gene silencing (Liu et al., 2012). SHMT is highly conserved across many
species of mammals and plants, but its function in nematode resistance remains
completely unknown. Serine hydroxyl methyl transferase is an enzyme that catalyzes
reversible conversions of serine and glycine. One-carbon units generated in this process
are required for cellular metabolic processes such as purine biosynthesis, production of
thymine nucleotides, and formation of S-adenosyl methionine (SAM). SHMTs are
involved in several other cellular processes like DNA synthesis, which requires thymine
nucleotides and methylation catalysis, which involve the activity of SAM as methyl

donor.

2.1.2 SCN-soybean interaction-based approach

In resistant soybean, nematode secreted effector proteins are recognized by the host
plant cells and the feeding sites are degenerated, leading to nematode developmental
arrest. On the other hand, during compatible interactions, nematodes successfully
induce a metabolically-active feeding site where the animals complete their life cycle
and propagate (Klink et al., 2007; Klink et al., 2009; Klink et al., 2010). Over the last
few years, many studies have documented changes in gene expression during various
stages of syncytium development and nematode parasitism, providing key insights into
molecular mechanisms that regulate soybean-SCN interactions. Before widespread use
of RNA sequencing, most differential expression studies were conducted using a
microarray platform. Custom soybean cDNA microarrays were used to assess changes in
gene expression during SCN infection (Khan et al., 2004; Alkharouf et al., 2006). While
it was clear that nematode infection induced higher expression of wound, stress and
defense response genes in soybean during the compatible interaction, early microarray
studies only analyzed a portion of the genome. More comprehensive gene expression
quantification during the compatible and incompatible interactions was conducted
using the Affymetrix Soybean Genome Array GeneChip , which contains probes for more
than 35,000 soybean transcripts (Klink et al., 2007, 2007, 2010; Mazarei et al., 2011).
Multiple reports agree that during the initial phases of SCN infection, soybean genes

involved in defense, wound, and stress response are the most profoundly differentially



expressed. At later stages of infection, SCN modulates the expression of a significant
number of genes involved in various cellular processes to maintain a functional feeding
site. It is in the syncytium that many of the key molecular changes induced by SCN
occur. To precisely follow these changes, experiments were designed to isolate syncytial
cells using laser capture microdissection (Ithal and Mitchum, 2011). These studies
portray transcriptome changes that take place during syncytium formation and provided

a list of genes significantly differentially expressed between syncytium and root tissues.

Still, the genetic basis of SCN resistance cannot be resolved by simply observing gene
expression changes during SCN-soybean interactions. Our picture of the molecular basis
for soybean resistance is not complete without an understanding of the epigenetic
mechanisms that accompany genetic regulation. A comprehensive analysis studying
expression changes and underlying epigenetic factors that regulate gene expression can
provide more extensive insight into the SCN-soybean interaction. Major breakthroughs
have been made in deciphering which genetic locus confers resistance and how gene
expression is different in resistant versus susceptible lines. The next step is to augment
these findings with epigenetic regulation, whether by directly influencing expression at
resistance locus like Rhgi (Cook et al., 2014) or by changing global gene expression

(Rambani et al., 2015).

3. Epigenetic Modifications

Epigenetic factors can be categorized into three groups— histone modifications, DNA

methylation, and small RNA regulators.

3.1 Histone Modifications

Nucleosome are octamers consisting of two copies of H2A, H2B, H3, and H4 histone

types each joined together by linker histones, H1 (Luger et al., 1997; Thomas, 1999;



Luger et al.,, 2012). Nucleosome architecture defines chromatin structure and
accessibility to DNA transcriptional machinery. Histone type variation and monomer
modifications both have monumental effects on gene transcription. Although
nucleosome organization is canonical and ubiquitous across species, slight variations
can be introduced by exchange of histone variants (Talbert and Henikoff, 2016). Histone
variants differ slightly in amino acid sequence, but are effectively interchangeable in the
octamer. For example, Arabidopsis histone variants H3.3, H2A, H2AZ, and H1.3 are
present in transcriptionally active regions with high nucleosome turn over. In the same
way, H3.1, H2AX, H2AW, H1.1, and H1.2 localize to heterochromatin and centromeric
histone3 (CENH3) is almost exclusively incorporated within centromeres and
pericentromeric regions (Zilberman et al., 2008; Talbert and Henikoff, 2010; Stroud et
al.,, 2012; Wollmann et al.,, 2012; Shu et al.,, 2014; Talbert and Henikoff, 2014;

Yelagandula et al., 2014; Steiner and Henikoff, 2015; McKinley and Cheeseman, 2016).

Modifications in chromatin structure near promoter regions changes its accessibility to
transcription factors, resulting in differential gene expression in response to various
developmental and environmental stimuli. Posttranslational modifications of histones
introduce transient transcriptional changes by directly interacting with other epigenetic
factors, such as small RNAs and DNA methylation, and by modulation how tightly DNA
is wrapped around histones. Epigenetic modifications of histones can occur at different
levels, providing a wide range of options for fine-tuning gene expression. Chemical
modifications like methylation, acetylation, phosphorylation, and ubiquitination
commonly occur at lysine and arginine residues of N-terminal histone tails to different
degrees (mono-, di-, and tri-) (Bergmiiller et al., 2007; Zhang et al., 2007; Roudier et al.,
2011; Sequeira-Mendes et al., 2014; Mahrez et al., 2016). Associations between positive
histone tails and negatively charged DNA is somewhat neutralized by negative charges
on acetylated lysine, causing associated DNA to loosen and become more accessible
(Struhl, 1998; Bannister and Kouzarides, 2011). Alternatively, histone tail modifications

can also aid in recruiting elements that directly modify chromatin and DNA.



3.2 Small RNA Regulators

In plants, small RNAs are known to regulate gene expression during various cellular
processes important for development, reproduction, and stress responses (Weiberg et
al., 2014). This mechanism initially evolved to control transposition of active
transposable elements (TEs) that destabilize genome organization. There is vast type
and functional diversity small RNAs in plants. A simple, straightforward method has
been proposed for small RNA categorization based on precursors (Axtell, 2013). Small
RNAs derived from double-stranded RNA (dsRNA) are classified as small interfering
RNAs (siRNAs), and those formed by processing single-stranded RNA hairpins are
called hairpin RNAs (hpRNAs). siRNAs can be further divided into subclasses of
heterochromatic siRNAs, secondary siRNAs, and natural antisense transcript siRNAs
(NAT-siRNAs). The hpRNAs subclasses include microRNAs (miRNAs) that are
transcribed by Pol II from endogenous miRNA genes and other hpRNAs that arise from,
for example, Pol II transcription of palindromic sequences within active TEs (Slotkin et
al., 2005). Both hpRNAs and siRNAs perform post transcriptional gene silencing
(PTGS), but siRNAs can further establish transcriptional gene silencing (TGS) by

mediating chromatin and epigenetic modifications on DNA (Rowley et al., 2017).

hpRNAs and siRNAs PTGS can effectively combat retrovirus infection. PGTS is initiated
by the shredding of dsRNAs by DICER-LIKE 2 and 4 (DCL1 in case of hpRNAs) into
small, 21-22nt pieces, called primary siRNAs. Primary siRNAs become single stranded
and associate with Argonaute 1 (AGO1) to serve as a guide to target mRNAs by
complementary base pairing. Targets of mRNAs are cut at the complementary sites by
the endonuclease activity of AGO1, then RNA DEPENDENT RNA 6 (RDR6) polymerizes
a complementary strand for the cleaved mRNA transcripts. Because dsRNA is the final
product, PTGS may occur repeatedly by associating with DCL proteins (Figure 1). TGS is
achieved by RNA-directed DNA methylation, where siRNAs guide methyltransferases to
target loci for establishment of the repressive DNA methylation marks. Plant-specific

RNA polymerase IV (PolIV) transcribes ssRNA from genomic regions harboring DNA
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and histone epigenetic modifications. These ssRNAs are converted into dsSRNA by RNA
DEPENDENT RNA 2 (RDR2) polymerase and supplied to DCL3 to be diced into 24nt
siRNAs (Onodera et al., 2005; Pikaard et al., 2008; Wierzbicki et al., 2008). Single
strands of these 24nt siRNAs are picked up by AGO4 or 6 and recruited to the target
loci. DNA methyltransferases are also recruited to the target loci, which catalyze methyl
group attachment (Cao and Jacobsen, 2002; Zilberman et al., 2003; Wierzbicki et al.,
2008; Wierzbicki et al., 2009; Zhang and Zhu, 2011; Borges and Martienssen, 2015;
Cuerda-Gil and Slotkin, 2016).

3.3 DNA Methylation

The most well-known epigenetic modification is methylation of fifth carbon in cytosine
(C) (Lister et al. 2009). In plant, cytosine methylation occurs in three sequence
contexts—CG, CHG, and CHH, where H denotes any base other than guanine (G). DNA
methylation is important for defining heterochromatic regions and centromeres as well
as maintaining TEs dormancy (Law and Jacobsen, 2010). Methylation in promoter
regions near the transcriptional start site is known to be negatively correlated with gene
expression levels. Heavily methylated TEs also impact the expression of nearby genes
(Hollister and Gaut, 2009; Zemach et al., 2010; Piya et al., 2017). The precise role of
gene body methylation is more elusive, but it is proposed to maintain consistent
expression levels by averting deposition of H2A histone variants in genic regions

(Coleman-Derr and Zilberman, 2012).

There are many methods to study DNA methylation patterns at the genome level. The
most widely used approach today is bisulfite sequencing. This method begins with
genome-wide conversion of C to uracil, then to thymine after PCR amplification.
Converted strands are sequenced using next generation technology. Finally, the
sequenced reads are mapped to a reference genome, where methylated sites are
identified by C to T conversion (Smith et al., 2009). Using bisulfite sequencing, the
Arabidopsis thaliana methylome was the first to be reported. Studies found that CG
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methylation was abundant in genic and TE regions, whereas non-CG methylation (CHG
and CHH) was more prominent in TE-rich heterochromatin (Cokus et al., 2008; Lister

et al., 2008).

Epigenetic inheritance relies on stable maintenance of methylation marks through
mitotic and meiotic cell division. While genetically identical, epialleles are epigenetically
distinct alleles stably inherited with corresponding phenotypes. The first epiallele study,
for example, showed hypermethylation of the CYCLOIDEA promoter in Linaria resulted
in natural flower symmetry variation (Cubas et al., 1999). It is widely accepted that DNA
methylation may have evolved as a mechanism to cope with viral and TE genome
invasion. Many naturally occurring epialleles arise in plant genomes by TE insertion
near genic areas or through siRNAs-mediated DNA methylation. An epiallele at the
colorless non-ripening (Cnr) locus for tomato may have been the result of CG
hypermethylation at a nearby COPIA-like retrotransposon (Paszkowski and
Grossniklaus, 2011). Similarly, recessive self-incompatibility alleles, S-alleles, in
Brassicaceae are preferentially targeted for hypermethylation, giving rise to a mono-

allelic gene expression pattern in heterozygotes (Kusaba et al., 2002).

3.3.1 Maintenance of DNA methylation

Models for DNA methylation maintenance are still being investigated; however, it is
known that the mechanisms vary based on sequence context (symmetrical or
asymmetrical) and genomic region (euchromatic or heterochromatic). Briefly, it can be
divided into three steps (Figure 1.1)— (a) initiation of silencing pathways by recognition
of dsRNA, (b) establishment of siRNA mediated DNA methylation, and (c) maintenance
of already established methylation marks in the genome during replication. Initiation
and establishment steps proceed according to PTGS and TGS as previously described.
Methylation patterns in the CG context are maintained through replication by
METHYLTRANSFERASE 1 (MET1). During DNA replication, chromatin binding
proteins VARIANT IN METHYLATION (VIM) bind to hemimethylated parent strands

and recruit MET1 (Kankel et al., 2003; Lister et al., 2008). Nucleosome remodeler
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DECREASE in DNA METHYLATION 1 (DDM1) is hypothesized to aid MET1 in
establishing methylation in heterochromatic and Hi-rich regions (Zemach et al., 2013).
Histone deacetylation is another common feature of heterochromatin. TE
transcriptional silencing is lost in mutants lacking histone deacetylase 6 (HDA6)
(Murfett et al., 2001; Lippman et al., 2003; Probst et al., 2004). Li et al., (2012) propose
a model in which HDAG6 directs deacetylation of H3 and H4 lysine residues on N-tails
and recruit MET1 for establishment of CG methylation on DNA associated with these

deacetylated histones (Li et al., 2012).

Non-CG methylation is maintained through a feedback loop between plant-specific
CHROMOMETHYLTRANSFERASE 2 (CMT2) and CMT3 and histone
methyltransferases. Dimethylation of histone H3 lysine 9 (H3Kgme2) is established by
histone methyltransferases-like Su(var)3—9 homolog4 (SUVH4) and its variants SUVH5
and SUVHG6. These enzymes are directed towards methylated DNA by SET and RING
finger-associated (SRA) domains, leading to the establishment of H3Kgme2. Similarly,
chromodomains and BAH domains of CMT2 and CMT3 interact with H3Kgme2 and
establish methylation in the CHG and CHH contexts, respectively (Bartee et al., 2001;
Lindroth et al., 2001; Malagnac et al., 2002; Johnson et al., 2007; Bernatavichute et al.,
2008; Du et al.,, 2012; Zemach et al., 2013; Stroud et al., 2014; Du et al., 2015). The
information for symmetrical methylation contexts (CG and CHG) are retained on
hemimethylated parental strands during semi-conservative DNA replication and
therefore easily maintained. During maintenance of asymmetrical CHH methylation,
one parent strand loses all methylation information during replication. CHH
methylation marks are re-established via RDR2-RdDM pathway each replication cycle

(Law and Jacobsen, 2010).

4. Epigenetic inheritance in response to stress
Stress memories are retained in somatic cells following exposure as a means for

immunity towards future attacks; exemplified, for example, by plant defense priming

and systemic acquired resistance (SAR) (Molinier et al., 2006). The primed state, or

13



stress memory is passed down the lineage through the progeny. However, inheritance of
paternal effects is unstable because dividing cells often undergo reprogramming during
differentiation and gametogenesis. Thus, parental inheritance is transgenerational, but
only extends a few generations and gradually disappears from the genome after few
cycles of meiosis. Although reprogramming in plants is not as stringent as in mammals,
it still accounts for removal of epigenetic marks acquired from stress exposure by the
parent (Heard and Martienssen, 2014). Small RNAs also play a crucial role in priming,.
Differential levels of small RNA template inherited from a primed parent may induce
immunity in progeny; however, generational immunity diminishes once the stress
stimuli is removed (Kachroo and Robin, 2013; Tricker, 2015). Importantly, histone
modifications and cytoplasmically-transmitted small RNA-mediated are abolished
during gametogenesis. Silencing of flower locus C (FLC) by histone methylation
triggered flowering in adult plants through vernalization. However, this histone mark is
reprogrammed and reset in germline cells (Sung and Amasino, 2004).
Transgenerational stress immunity must be passed down through meiotically and
mitotically stable epigenetic mechanisms. Cytosine methylation is the only epigenetic
mark that can be altered in response to stimuli and stably inherited through

generations.

Whole genome DNA methylation profiling of drmi/drmz2/cmt3 and met: mutants
revealed that global reduction in DNA methylation results in enhanced resistance to
bacterial infection (Dowen et al., 2012; Yu et al., 2013). The drmi/drm2/cmt3 triple
mutant developed a phenotype similar to a primed wild-type plant following infection
with Pseudomonas syringae. DNA hypomethylation is mediated by SA-dependent
defense signaling pathways, perhaps to activate expression of plant defense genes.
Several studies have recently described DNA methylation as a controlling factor of
compatibility between several phytopathogens and host plants (reviewed by Hewezi et

al., 2017).
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5. Epigenetics of host-plant parasitic nematode interactions

Epigenetic factors are fluent, driven by dynamic environmental cues. Phytopathogenic
nematodes are key conductors of stress stimuli affecting host epigenomes. Arabidopsis
mutants deprived of RADM genes are more resistant to Heterodera schachtii, revealing
that siRNAs and DNA methylation are important regulators of plant susceptibility to
cyst nematode (Hewezi et al., 2008). This was recently validated by the accumulation of
24nt siRNA in conjunction with dramatic root methylome changes in response to H.
schachtii (Hewezi et al., 2017). siRNAs aid in de novo DNA methylation by guiding
DRM, which ultimately alter expression of several genes and TEs. In addition, stably
inherited differential DNA methylation at certain loci modulate host susceptibility by
regulating genes expressed during the initial phases of nematode infection. For example,
rhg1 contains repeat units displaying cultivar-specific methylomes, perhaps under

epigenetic control (Cook et al., 2014).

miRNAs also play an important role during PPN interactions, especially during feeding
site establishment (Hewezi and Baum, 2015). Numerous miRNAs are found to be
differentially expressed during nematode infection (Li et al., 2010; Zhang et al., 2011).
However, many still await functional characterization. Deep sequencing of small RNA
libraries from nematode-infected root tissues has provided clear insight into the
dynamics of miRNA regulation during infection. Hewezi et al. (2008) first reported
differentially expressed miRNA during various stages of H. schachtii infection in
Arabidopsis, where more miRNA genes were downregulated than upregulated in early
feeding site initiation. Since then, a similar trend has been observed in several plant—
PPN interactions (Hewezi et al., 2008; Li et al., 2012; Cabrera et al., 2016). Many of
these differentially expressed miRNAs target transcription factors to alter global
expression (Hewezi et al., 2008; Hewezi et al., 2012; Li et al., 2012; Medina et al., 2017;
Piya et al., 2017). For example, expression of GROWTH REGULATING FACTORS 1
(GRF1) and GRF3, which are involved in development and defense signaling, are
inversely proportional to expression levels of their negative regulator, miR396
throughout plant-nematode parasitism (Hewezi et al., 2012). Similarly, miR390 impacts
the expression levels of AUXIN REGULATING FACTORS (ARFs) in Arabidopsis roots
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upon infection by the root knot nematode, Meloidogyne javanica (Cabrera et al., 2016).
Further, Zhao et al. (2015) provided a functional role of miR319b and its target TCP4 in
modulating early JA-mediated defenses in tomato. Transgenic tomato overexpressing
miR319b were more susceptible to root knot, whereas overexpression of TCP4 in
mutants increased resistance to infection (Zhao et al., 2015). MYB family transcription
factors are also targeted by miRNAs to regulate cellular processes, cell wall biosynthesis,
and stress responses (Cominelli et al.,, 2005; McCarthy et al., 2010; Oh et al., 2011).
MYB83 and MYB33 are regulated by miR858 and miRNA159, respectively, and
demonstrate important roles in determining nematode host susceptibility (Medina et
al., 2017; Piya et al., 2017). One case of NITROGEN LIMITATION ADAPTATION (NLA)
gene-miRNA regulation has been found in the Arabidopsis x H. schachtii pathosystem,

where miR827 controls basal defense response (Hewezi et al., 2016).

There is ample evidence indicating PPNs exploit various epigenetic mechanisms to
successfully establish and perpetuate disease. Nevertheless, the interaction of these
epigenetic modifications for host transcriptional reprogramming is unknown during
infection. Therefore, there is a strong interest in determining the extent to which
inducible and heritable DNA methylation shapes compatible and incompatible
interactions between SCN and soybean. The impact of DNA methylation on miRNA
activity must also be assessed during SCN infection for a more comprehensive
understanding. These topics are the primary focus of this thesis and are addressed in

chapters 2, 3, and 4.
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6. Dissertation organization

This dissertation is organized in five chapters to summarize the main objectives of the

research project.

Chapter 1: General introduction provides information regarding soybean cyst nematode
disease and advances made so far in search of resistance in soybean. Also, provides
information about epigenetic modifications and their role in regulating stress response

in plants especially against plant parasitic nematodes.

Chapter 2: Whole genome DNA methylation changes and their role in regulating gene
expression during SCN infection were reported by studying SCN susceptible soybean

cultivar Williams 82.

Chapter 3: Differences in DNA methylation changes between compatible and
incompatible SCN interactions were deduced by comparing two highly homozygous

near-isogenic lines differing at soybean cyst nematode resistance locus, Rhg4.
Chapter 4: Differential methylation in microRNA genes during SCN infection were
identified for compatible and incompatible interactions and impact of their target genes

on soybean susceptibility was assessed.

Chapter 5: General conclusions and future directions for further research were

discussed in this chapter.
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Figure 1.1 Model of pathways involved in initiation, establishment and

maintenance of DNA methylation in plants.
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Abstract

Soybean cyst nematode (SCN, Heterodera glycines) induces the formation of a
multinucleated feeding site, or syncytium, whose etiology includes massive gene
expression changes. Nevertheless, the genetic networks underlying gene expression
control in the syncytium are poorly understood. DNA methylation is a critical epigenetic
mark that plays a key role in regulating gene expression. To determine the extent to
which DNA methylation is altered in soybean roots during the susceptible interaction
with SCN, we generated whole-genome cytosine methylation maps at single nucleotide
resolution. The methylome analysis revealed that SCN induces hypo-methylation to a
much higher extent than hyper-methylation. We identified 2,465 differentially hyper-
methylated regions and 4,692 hypo-methylated regions in the infected roots compared
with the non-infected control. In addition, a total number of 703 and 1346 unique genes
were identified as overlapping with hyper- or hypo-methylated regions, respectively.
The differential methylation in genes apparently occurs independently of gene size and
GC content but exhibits strong preference for recently duplicated paralogs.
Furthermore, a set of 278 genes was identified as specifically syncytium differentially
methylated genes. Of these, we found genes associated with epigenetic regulation,
phytohormone signaling, cell wall architecture, signal transduction and ubiquitination.
This study provides new evidence that differential methylation is part of the regulatory

mechanisms controlling gene expression changes in the nematode-induced syncytium.
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1. Introduction

Soybean cyst nematode (SCN, Heterodera glycines) is a sedentary parasite of soybean
roots and is considered to be the most serious pathogen problem in soybean production
worldwide (Koenning and Wrather, 2010). SCN undergoes a first molt inside the egg to
develop from a first-stage (J1) to a second-stage juvenile (J2) before hatching. Hatched,
pre-parasitic J2s then penetrate into soybean roots by breaching epidermal cell walls
with their protrusible stylet, a hollow oral spear, aided by cell wall-digesting enzymes
and other effector proteins (Hewezi and Baum, 2013). The parasitic J2s migrate to the
vicinity of the vascular tissues where the nematodes become sedentary and begin
feeding. In order to maintain the sedentary lifestyle, SCN induces the formation of a
multinucleated feeding site in roots, the syncytium, whose etiology includes
considerable cell-to-cell fusion, in addition to dramatic cytoplasmic and nuclear
modifications (Williamson and Hussey, 1996). Molecular and genetic studies in the last
few years have provided new insights into the molecular mechanisms associated with
SCN parasitism. Global gene expression profiling using microarrays has been
extensively studied during plant-nematode interactions. Initially these studies used the
whole soybean root system to quantify transcriptional changes associated with the
compatible interaction (Khan et al., 2004; Alkharouf et al., 2006). More comprehensive
gene expression studies were conducted on syncytial cells using laser capture
microdissection (LCM) coupled with microarray analysis (Ithal et al., 2007; Klink et al.,
2007; Klink et al., 2009; Klink et al., 2010; Kandoth et al., 2011). These cell-specific
gene expression analyses yielded lists of thousands of syncytial differentially expressed
genes and provided new information about the underlying molecular events occurring
during syncytium formation and function. However, the genetic networks underlying
gene expression regulation in nematode-infected roots and particularly in the
nematode-induced feeding sites are poorly understood. Because epigenetic
modifications function in concert with genetic mechanisms to regulate gene expression
in normal cells and are often dysregulated in infected cells, these modifications may
contribute significantly to the regulation of the transcriptional activity of syncytial cells.

Epigenetics include biochemical modifications of DNA and associated proteins that

regulate gene expression and chromosome structure and function, without changing
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DNA nucleotide sequences. DNA methylation, the most common epigenetic
modification, is the addition or removal of a methyl group (CH;), mostly where cytosine
bases occur repeatedly. In plants, DNA methylation occurs in symmetric (CpG and
CHG) and asymmetric (CHH) contexts where H refers to any nucleotide but G. The CpG
and CHG patterns are symmetric across the two DNA strands, which are believed to be
important for the maintenance of methylation at these sites following DNA replication.
DNA cytosine methylation controls gene expression networks and hence plays essential
roles in different aspects of plant growth, development, and response to biotic stress
(Alvarez et al., 2010; Zhang et al., 2010; He et al., 2011; Dowen et al., 2012). In plants,
de novo DNA methylation in all sequence contexts is mainly mediated through the
activity of DOMAINS REARRANGED METHYLTRANSFERASEs (DRMs), homologs of
the mammalian DNA methyltransferase 3 (DNMT3) enzymes (Cao and Jacobsen, 2002;
Cao et al., 2003). The DRMs are guided to specific DNA sequences through the RNA-
directed DNA methylation (RdDM) pathway, which involves the generation of ~23- to
24-nt siRNAs by RNA-dependent RNA polymerase 2 (RDR2) and DICER-Like 3 (DCL3)
(Henderson and Jacobsen, 2007). These siRNAs are loaded into a complex containing
the argonaute (AGO) proteins AGO4 and AGO6 to guide DRMs to target loci by a

currently unknown mechanism (Matzke et al., 2009).

While DNA methylation has been initially reported to control various developmental
processes in plants (He et al., 2011), recent studies revealed that this silencing pathway
plays a key role in modulating plant defense responses during biotrophic interactions.
Compelling evidence of dynamic changes in DNA methylation in response to infection
by the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) has been
recently reported (Dowen et al., 2012). Using deep sequencing of bisulfite-treated DNA,
Dowen et al. (2012) found that differentially methylated regions were preferentially
associated with genes involved in defense response, and that hypomethylation in
differentially methylated regions were frequently accompanied by activation of the
proximal genes, specifically those with defense response function. Similarly, another

recent study indicated that DNA demethylation restricted the multiplication and
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vascular propagation of the Pst and, consequently, some immune response genes were

repressed by DNA methylation (Yu et al., 2013).

The role of DNA methylation in regulating the plant immune system was further
supported by the finding that mutant lines entirely defective in maintenance of CpG
methylation or non-CpG methylation were resistance to Pst infection (Dowen et al.,
2012). Likewise, mutants partially impaired in CpG methylation (decrease in DNA
methylation1, ddmi) or non-CpG methylation (RNA-dependent RNA polymerase
mutants rdri, rdr2 and rdré6, and DICER-like triple mutant dcl2/3/4) showed modest
increases in Pst resistance (Dowen et al., 2012). These data are consistent with our
previously published results in which we found that several Arabidopsis dcl and rdr
mutants were more resistant to the beet cyst nematode H. schachtii compared to wild
type (Hewezi et al., 2008). Chemical demethylation of the silenced resistance Xa21G
gene in rice reestablished its resistance function against Xanthomomonas oryzae
(Akimoto et al., 2007). Similarly, induced DNA hypomethylation at the NBS—LRR gene
clusters by the tobacco mosaic virus was associated with increased genomic
rearrangements at these genomic loci (Boyko et al., 2007). The expression difference
between the resistant alleles of the Medicago truncatula REP1 gene, which confers
resistance against the powdery mildew disease caused by the biotrophic fungus
Erysiphe pisi, was found to be correlated with the methylation status of the promoter
regions (Yang et al., 2013). In soybean, differential hyper-methylation patterns at the
genomic regions that contain multiple copies of the SCN resistance gene Rhg1 have been
recently identified (Cook et al., 2014). Collectively these results indicate that DNA
methylation plays a crucial role in regulating the immune system in response to

infection by plant pathogens including cyst nematodes.

In this study, we used the Methyl-Seq method to generate high-coverage genome-wide
DNA methylation maps encompassing the methylation status of single cytosine bases
throughout the genome of soybean roots during the susceptible interactions with SCN. A
high number of differentially methylated regions and overlapping protein-coding genes
were identified. In addition, we found a significant portion of the differentially

methylated genes was among genes reported to change expression in the soybean
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syncytium, pointing to a novel role of SCN-induced DNA methylation in regulating gene

expression changes during parasitism.

2. Results

2.1 Genome-wide DNA methylation profiling of soybean roots during the
susceptible interaction with the soybean cyst nematode, Heterodera

glycines

In order to profile the DNA methylation patterns at single nucleotide resolution during
the susceptible interaction with SCN, we construction six whole genome bisulfite-
treated DNA libraries. In these experiments, we inoculated soybean cultivar Williams 82
with SCN (HG type 0 or race 3) and root tissues were collected at 5 day post inoculation
(dpi) from both infected and non-infected soybean roots from three independent
experiments. Two libraries (infected and control) from each experiment for a total of six
libraries were generated and sequenced using the Illumina HiSeq platform. The
sequencing data were grouped into six different files and a total number of 175 million
100 bp reads for SCN-infected samples and 182 million reads for non-infected control
were obtained. Because of the paleopolyploid nature of soybean genome, a significant
portion of these reads were mapped to more than one genomic location and thus these
reads were discarded. After quality filtering a total of about 60 million reads for each of
the SCN-infected and non-infected samples were of high quality and uniquely mapped
to soybean genome (Wm82.a2.v1) (Schmutz et al., 2010). These high quality sequence
reads represented about 10X genome coverage, a depth greater than previously reported
in Arabidopsis and soybean (Dowen et al., 2012; Schmitz et al.,, 2013). Bisulfite
conversion efficiency was higher than 99% as determined using the non-methylated
lambda phage genome. The percentage of methylated cytosines in CpG, CHG and CHH
contexts were very similar across the three biological replicates for SCN-infected and
non-infected control. The SCN-infected samples had an average of 78.6%, 56.4% and

5.0% methylation in overall cytosines occurring in CpG, CHG or CHH contexts,
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respectively. Similarly, the control samples had an average of 81%, 59.3% and 5.5%
methylation in overall cytosines occurring in CpG, CHG or CHH contexts, respectively.
These data indicated that overall average methylation levels were very similar between

the SCN-infected and control samples.

2.2 Identification of differentially methylated regions and associated genes

Because DNA methylation tends to cluster in specific regions of the genome (Zhang et
al., 2006; Vaughn et al., 2007; Becker et al., 2011), and differences in single cytosines
may not be of functional importance, a 200 bp non-overlapping sliding window
approach was used across the soybean genome to identify differentially methylated
regions and overlapping genes. Differentially hyper- and hypo-methylated regions
between SCN-infected and control in CpG, CHG and CHH contexts were identified using
P-value <0.01 and a percent methylation difference larger than 25%. Interestingly, in
CpG context 718 hyper-methylated regions and 1408 hypo-methylated regions were
identified in the infected roots compared with the non-infected control (Figure 2.1A).
Similarly, in CHG context, 1142 hyper-methylated regions and 2074 hypo-methylated
regions were identified (Figure 2.1A), whereas in CHH context 605 hyper-methylated
regions and 1210 hypo-methylated regions were identified (Figure 2.1A). These results
indicate that SCN induces hypo-methylation to much higher extent than hyper-

methylation.

We assigned each differentially methylated regions to proximal protein-coding genes
based on the genomic coordinates. We found 60% (428 genes), 16% (180 genes), and
20% (120 genes) of the hyper-methylated regions in CpG, CHG and CHH contexts,
respectively, overlapped with protein-coding genes (Figure 2.1B). Similarly, 58% (817
genes), 17% (350 genes), and 23% (282 genes) of the hypo-methylated regions in CpG,
CHG and CHH contexts, respectively overlapped with protein-coding genes (Figure
2.1C). As a result, a total number of 703 and 1346 unique genes were identified as hyper-

and hypo-methylated, respectively. We next examined whether various methylation
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contexts occur in individual genes. Interestingly, we identified 25 genes that were hyper-
methylated in more than one context. Six of these genes were found to be hyper
methylated in both CHH and CHG contexts (x2 =34.862, P = 1.30E-07), 6 genes in CHH
and CpG (x2 =9.275, P = 0.026), and 13 genes in CpG and CHG contexts (y2 =37.786, P
=3.138E-08), (Figure 2.2B). Also, we identified 12 genes that were hypo-methylated in
both CHH and CHG contexts (x2 =20.059, P = 0.00017), 15 genes in CHH and CpG (x2
=5.392, P = 0.145), and 78 genes in CpG and CHG contexts (x2 = 457.025, P = 9.797E-
99), (Figure 2.2C).

To determine if certain genic regions are associated with a specific methylation context,
we examined the distribution of differentially hyper- and hypo-methylated genes in
various annotated features of genic regions including promoter regions, 1000 bp
upstream of the transcription start site (TSS), exons, and 5’ and 3’ untranslated regions
(UTRs). The hyper- and hypo-methylation in CpG and CHG contexts occur
predominantly in the gene body and to much less extent in the flanking regions, whereas
CHH hyper-methylation was mainly located in the promoter regions (Figure 2.1D and
E). A set of 45 genes showed both hyper- and hypo-methylation in various genic regions.
To examine whether specific genomic regions are preferentially targeted for differential
methylation during SCN infection, we mapped the differentially methylated regions to
the 20 soybean chromosomes. The genomic distribution of the differentially methylated
regions revealed that CpG and CHH regions were most enriched near the ends of the
chromosomes (sub-telomeric regions) and to lesser extent in non-telomeric and
centromeric regions (Figure 2.2A). In contrast, CHG regions were mainly localized in
non-telomeric regions (Figure 2.2A), consistent with the preference of CHG methylation
of targeting transposon-rich regions (Lister et al., 2008), which are located in the
chromosome centers (Schmutz et al., 2010). The numbers of differentially hyper- and
hypo-methylated regions in CpG, CHG and CHH were found to be significantly
correlated with the chromosome size (P < 0.05). Thus, the differentially methylated
regions seem to be equally distributed across the 20 chromosomes, taking into

consideration chromosome size (Figure 2.2B and 2.2C).
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It has been suggested that DNA methylation, particularly gene body methylation,
exhibits a biased towards long genes versus short genes (Takuno and Gaut, 2013). Thus,
we tested whether a correlation between DNA methylation/demethylation and gene size
occurs. The methylation levels were plotted against the size of differentially hyper- and
hypo-methylated genes. No bias towards long genes was observed in any sequences
context, suggesting that methylation/demethylation occurs independently of gene size.
Similarly, we asked whether GC content in the differentially methylated regions (200
bp) correlates with the methylation levels. The differential methylation levels in various
sequence contexts were plotted against the GC content of the differentially hyper- and
hypo-methylated regions. A constant profile of methylation levels versus various levels
of GC content were observed, indicating that differential methylation occurs

independent of GC content.

2.3 Recently duplicated soybean genes exhibit strong preference for

differential methylation in response to SCN infection

It has been suggested that soybean genome experienced two whole genome-wide
duplication (WGD) events approximately 59 and 13 million years ago (Mya) (Schmutz et
al., 2010).We examined if differential methylation targets particularly genes contributed
by a specific WGD event. We scanned soybean genome for duplicate blocks that contain
the differentially hyper- and hypo-methylated genes and identified 673 collinearity
events among the 703 hyper-methylated genes and 1,163 events among the 1,346 hypo-
methylated genes. When we calculated the synonymous distance (Ks) values of these
events, we found that recently duplicated genes contributed by the 13-Myr WGD (Ks =
0.06-0.39) are preferentially targeted for differential methylation compared to those
genes contributed by the 59-Myr WGD (Ks = 0.40-0.80). Specifically, 2.71% (453
genes) of the paralogs contributed by the 13-Myr WGD were hyper-methylated (x2 =
18.228, P = 3.946E-04) versus 2.2% (194 genes) of the paralogs contributed by the 59-
Myr WGD (x2 = 1.831, P = 0.608) (Figure 2.3A). Likewise, 4.68% (783 genes) of the
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paralogs contributed by the 13-Myr WGD were hypo-methylated (x2 = 32.194, P =
4.763E-07) versus 3.87% (341 genes) of the paralogs contributed by the 59-Myr WGD
(x2 = 2.025, P = 0.567) (Figure 2.3B). We further asked whether homologous genes are
targeted similarly for differential methylation. Careful examination of the collinear
genomic regions among the differentially hyper- and hypo-methylated genes resulted in
the identification of 69 duplicated regions. These 69 duplicated regions contained 133
differentially methylated genes (Figure 2.3C). Homologs among these 133 genes are

connected by red lines in Figure 2.3C.

2.4 Differential methylation impacts gene expression levels in SCN-infected

roots

Recent studies have indicated that the effects of DNA methylation on gene expression
levels differ depending on the genic regions and methylation context (Gent et al., 2013;
Schmitz et al., 2013; Yang et al., 2015). Thus, we assayed the impact of DNA methylation
in gene body and promoter regions on gene expression levels. RNA was isolated from
the same SCN-infected and control samples and used in qPCR assays. A set of 24 genes
(8 for each sequence context) was randomly selected to represent hyper- and hypo-
methylation in gene body and promoter regions. Twenty-one of these 24 genes showed
significant changes in mRNA expression levels in response to SCN infection relative to
non-infected control (Figure 2.4 A-C). qPCR analysis also revealed an association
between gene body hyper-methylation and both increased and decreased gene
expression levels (Figure 2.4A). In contrast, hypo-methylation in gene body showed a
general trend of increased gene expression levels (Figure 2.4C). Also, increased CpG,
CHG and CHH methylation in the promoter regions showed positive or negative
impacts on expression levels (Figure 2.4B), whereas demethylation showed a trend of
increased gene expression levels (Figure 2.4D). These data suggest that differential
methylation associated with SCN infection may have heterogeneous effects on gene

expression levels.

41



2.5 Differentially methylated genes of SCN-infected roots are associated

with various molecular functions

We classified the differentially methylated region-associated genes into different groups
by molecular function using the Gene Ontology (GO) categorization from AgriGO
database (Du et al., 2010) and conducted an enrichment analysis using Fisher’s exact
test (P <0.05). Molecular function groups corresponded to binding activity, transferase
activity, catalytic activity, and hydrolase activity are significantly enriched among the
differentially methylated genes. While it seems likely that methylation and
demethylation impact various molecular function categories to a similar degree, we
observed a significant difference in a number of molecular function groups between the
differentially hyper- and hypo-methylated genes, specifically those associated with
nucleic acid binding, RNA binding, RNA polymerase activity, hydrolase activity,

microtubule and cytoskeletal protein binding, and kinase activity.

2.6 Identification of syncytium genes that are under methylation control

To identify syncytial genes that are under methylation control, we compared the
differentially hyper- and hypo-methylated genes identified by us with our reference list
of genes that change the expression in the syncytium induced by SCN (6903 genes)
(Ithal et al., 2007; Klink et al., 2009; Klink et al., 2010; Kandoth et al., 2011). We found
70, 16 and 13 genes of the differentially hyper-methylated genes in CpG, CHG and CHH
contexts, respectively, that overlapped with syncytial differentially expressed genes
(Figure 2.5 A). Similarly, 123, 30 and 44 genes of the differentially hypo-methylated
genes in CpG, CHG and CHH contexts, respectively were found to be overlapped with
syncytial differentially expressed genes (Figure 2.5 B). After eliminating duplicated
genes that were differentially methylated in more than one context, we identified 93 of
the differentially hyper-methylated genes and 193 of the differentially hypo-methylated
genes as overlapping with the 6,903 syncytium-regulated genes. Eight genes showed
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both hyper-and hypo-methylation in different genic regions, resulting in 278 unique
syncytium-differentially methylated genes. These 278 genes were classified using GO
terms into various molecular function categories including binding activity, catalytic
activity, transferase activity, kinase activity, and hydrolase activity (Figure 2.5 C). These
categories were distributed to similar extent in hyper- and hypo-methylated genes
overlapping with syncytium (Figure 2.5 D). Enrichment analysis revealed that genes
involved in structural molecule activity and cofactor binding were significantly enriched
among the 93 differentially hyper-methylated genes. Genes involved in sequence-
specific DNA binding, hydrolase activity, and peptidase activity were significantly
enriched among the 193 differentially hypo-methylated genes.

3. Discussion

We examined the impacts of SCN infection on the genome-wide DNA methylation
patterns in soybean roots and identified both differentially methylated regions and the
associated genes in CpG, CHH and CHG contexts. Our analysis provided several new
insights into DNA methylation changes associated with SCN parasitism of soybean
roots. We found that SCN induces hypo-methylation to much higher degree compared
to hyper-methylation in all sequence contexts. This may explain the increased number
of upregulated SCN-responsive genes relative to downregulated genes reported in
various global gene expression studies (Ithal et al., 2007; Klink et al., 2009; Kandoth et
al., 2011). A high proportion of demethylated cytosines has also been reported to occur
in response to bacterial infection (Dowen et al., 2012). When the differentially
methylated regions were assigned to overlapping protein-coding genes we found that
methylation/demethylation occurs predominantly in the gene body in CpG and CHG
contexts (Figure 2.1E and D), similar to the methylation patterns of Arabidopsis plants
exposed to various biotic stresses (Dowen et al., 2012). The enrichment of non-CpG
methylation in gen body is in contrast to recent findings in which gene body methylation
was limited to CpG context (Cokus et al., 2008; Lister et al., 2008; Greaves et al., 2012;
Takuno and Gaut, 2013). This controversy is presumably due to the fact that these

studies used unchallenged plants. Whether differential gene body methylation in non-
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CpG contexts is a specific signature of plants response to biotic stresses needs to be

investigated further.

It has been demonstrated that variable methylation over the gene body is a general
feature of plant and animal genomes (Cokus et al., 2008; Lister et al., 2008; Ball et al.,
2009; Laurent et al., 2010). While the suite of functions of this methylation is not fully
understood, it has been suggested that it might regulate alternative splicing efficiency
and prevent aberrant transcription of long genes (Zilberman et al., 2007; Luco et al.,
2010; Maunakea et al., 2010; Regulski et al, 2013). Gene body
methylation/demethylation, specifically in CpG and CHH contexts, does not seem to
severely impact gene expression in response to SCN infection. A moderate up- and
down-regulation of differentially methylated genes was observed in our qPCR assays
(Figure 2.4 A and B), suggesting that gene body methylation may fine-tune the
transcriptional activity of targeted genes (Zilberman et al., 2007). The heterogeneous
effect of body methylation on gene expression could be linked to the extent of
methylation in the target genes. Moderate methylation tends to enhance gene
expression, whereas low or high methylation tends to inhibit gene expression (Wang et
al., 2013). The impact of gene body methylation on gene expression may also depend on
the genic regions. Strong associations between DNA methylation in the first exon and
gene downregulation have been reported in plants and animals (Brenet et al., 2011;
Yang et al., 2015). First exon methylation was found to block transcript initiation and
cause proximal polymerase pausing in human cells (Okitsu and Hsieh, 2007) and a

similar mode of function has been suggested to occur in plants (Zilberman et al., 2007).

In addition to gene body methylation, we found the promoters of 447 genes were
differentially methylated in CpG (153 genes), CHG (84 genes), and CHH (210 genes)
contexts. Differential methylation particularly in the promoter regions may impact the
accessibility of regulatory factors to their cis elements thereby regulating the
transcriptional activity of SCN-responsive genes. Although DNA methylation in the
promoter regions is often associated with decreased transcriptional activity, we
observed a positive association between DNA methylation in the promoter and the

expression levels of two genes in our qPCR analysis. Hyper- methylation in the
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promoter region of these two genes may overlap with the binding sites of transcriptional
repressor factors, where inefficient binding associated with increased DNA methylation
may result in increased gene transcription. Similarly, CHH methylation in the promoter

regions was found to positively impact gene expression in maize (Gent et al., 2013).

Interestingly, a small portion of the differentially methylated genes (126/2049) were
found to be methylated in more than one sequence context simultaneously. This
suggests that differential methylation in various contexts mostly occurs independently
of each other, which is consistent with the fact that DNA methylation in CpG, CHG and
CHH are mediated by three different enzymes including DNA METHYLTRANSFERASE
1 (MET1), the plant-specific CHROMOMETHYLASE 3 (CMT3), and DOMAINS
REARRANGED METHYLTRANSFERASEs (DRMs), respectively (Lindroth et al., 2001;
Cao and Jacobsen, 2002; Kankel et al., 2003). Although the biological significance of
simultaneous methylation in various sequence contexts remains an important question,
a coordinated function of these enzymes may occur and could involve other epigenetic

regulating factors and various forms of RNA polymerase activity.

SCN dramatically alters the transcription machinery of infected host cells (Klink et al.,
2009; 2010; Kandoth et al., 2011), a process that may generate aberrant transcripts.
These aberrant transcripts are processed by the RNA-induced silencing complex (RISC)
into siRNAs, which can induce DNA methylation through the RADM pathway (Chan et
al., 2005; Henderson and Jacobsen, 2007). The finding that 24-nt small RNA reads are
the most abundant class among other small RNA populations in nematode infected root
samples (Hewezi et al., 2008, Li et al., 2012) supports this hypothesis. SCN infection
seems to trigger systemic hyper- and hypo methylation in root cells that are not in direct
contact with the nematodes. This is consistent with our finding that several of the
differentially methylated genes, identified using the whole root system, change the
expression in response to SCN infection but only 4% (278/6,903) of these genes were
among the syncytium differentially expressed genes. The mechanism through which
SCN induces methylation changes in a systemic manner is unknown but this process
may involve active gene expression changes of main epigenetic regulating genes and

SCN-responsive siRNAs. Several epigenetic regulating genes were identified as
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differentially expressed in the SCN syncytium (Ithal et al., 2007; Klink et al., 2010;
Kandoth et al., 2011). In addition, SCN induces differential accumulation of siRNAs (Li
et al., 2012), and hence siRNA may function in a non-cell-autonomous fashion similar to
the mobile epigenetically activated siRNAs in pollen (Slotkin et al., 2009) to shape the

epigenome of non-syncytial cells.

One striking finding of our analysis is that differential methylation was significantly
enriched in the recently duplicated genes compared to early duplicated genes. In
agreement with this finding, it has been recently reported that differential methylation
in DNA occur in recently duplicated region of the genome (Schmitz et al., 2013; Keller
and Soojin, 2014). This pattern of methylation differences may contribute to gene
dosage rebalance, thereby providing cell-type specific regulation. Targeting recently
duplicated genes for differential methylation by SCN could be due to the plausible
association of the recently duplicated genes with disease and stress responses over the
ancient copies, which are assumed to be involved in more basic and less stress-related

cellular processes (Kondrashov, 2012).

Our finding that only 4% of the syncytium differentially expressed genes are
differentially methylated suggests that regulation of gene expression in syncytium is
heavily influenced by the well-known transcription factor-based regulatory mechanisms.
Remarkably, we found several genes involved in DNA methylation and epigenetic
regulation among the syncytium differentially methylated genes, including homologs of
Arabidopsis O-acetyltransferases, S-adenosyl-L-methionine-dependent
methyltransferases protein, dicer-like 4, DEFECTIVE IN MERISTEM SILENCING 2
(DMS2), SU(VAR)3-9 homolog 9, chromatin remodeling complex subunit B, chromatin
remodeling factor17, and a PHD finger family protein. This indicates that methylation
changes in the syncytium are tightly controlled and a feedback loop may exist between
various epigenetic components that regulate gene expression changes in the syncytium.
A feedback regulatory loop between various epigenetic components has been recently

suggested (Du et al., 2012).
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Differential methylation induced by SCN in the syncytium seems to impact genes
associated with various molecular functions. Suppression of defense responses is one of
the main characteristics of the compatible interaction between SCN and soybean (Ithal
et al., 2007; Hosseini and Matthews, 2014). Though a high proportion of defense-
related genes was found to be down-regulated in the syncytium, only a few of these
genes were differentially methylated. This is in contrast to the finding that differential
methylation induced by the bacterial pathogen Pst in Arabidopsis is preferentially
associated with genes involved in defense responses (Dowen et al., 2012; Yu et al.,

2013).

Differential methylation may also contribute to the regulation of phytohormone-
mediated soybean susceptibility to SCN. Various genes involved in auxin signaling were
among the differentially methylated genes in the syncytium, including an auxin receptor
homolog, auxin response factor 8, and indole-3-acetic acid inducible 9 (IAA9). Auxin
plays crucial roles in the initiation and formation of the syncytium (Grunewald et al.,
2009; Gheysen and Mitchum, 2011; Hewezi et al., 2014), and regulation of auxin
signaling by DNA methylation was recently reported in Arabidopsis (Li et al., 2011). In
addition, a homolog to Arabidopsis histone deacetylase1 (HDA19), which is involved in
jasmonic acid and ethylene dependent pathogen resistance was differentially methylated
(Zhou et al., 2005; Choi et al., 2012). Another homolog to Arabidopsis ethylene
insensitive 3 (EIN3) family protein was also among the syncytium hypo-methylated
genes. EIN3 is a transcription factor that mediates downstream transcriptional cascades
for ethylene responses (Chao et al., 1997; Binder et al., 2007) and various Arabidopsis
EIN mutants showed reduced susceptibility to the cyst nematode H. schachtii (Wubben
et al., 2001; Wubben et al., 2004).

The plant cytoskeleton plays fundamental role in mediating changes in the morphology
and structure of the syncytium (de Almeida Engler and Favery, 2011) and DNA
demethylation may contribute to the regulation of this process. Genes involved in the
dynamics of cytoskeleton, including beta tubulin, microtubule-associated protein and
NIMA-related serine/threonine kinase were identified as differentially methylated in the

syncytium. Similarly, cell wall biogenesis is extensively altered during syncytium
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initiation and expansion (Golinowski et al., 1996; Wieczorek et al., 2008; Siddique et al.,
2009; Tucker et al., 2011). Several genes coding for enzymes with functions related to
cell wall architecture and remodeling showed differential methylation accompanied with
gene expression changes in the syncytium. This included, for example, cellulose

synthase, pectate lyases, galacturonosyltransferase, and beta galactosidase.

Signal transduction and regulatory genes, such as those encoding transcription factors
and protein kinases, represent a significant portion of syncytium differentially
methylated genes. Transcription factors belonging to C2H2, bZIP, MYB, WRKY, F-
box/RNI-like, calmodulin-binding transcription activator, B-Box Zinc Finger, CPP, and
HB-PHD family proteins were differentially methylated in the syncytium. Members of
some of these gene families have been shown to be involved in defense signaling
pathways (Eulgem and Somssich, 2007; Reddy et al., 2011; Ambawat et al., 2013). In
addition, a high number of protein kinases were highly represented among the
syncytium differentially methylated genes, including components of MAP kinase
signaling cascades. Thus, DNA methylation may be of particular importance in defining
signal specificity associated with SCN parasitism. An important reprogramming of plant
primary metabolism also occurs throughout syncytium formation and nematode feeding
(Hofmann et al., 2010). Several genes involved in primary metabolism pathways,
specifically those related to carbohydrates degradation and glycolysis, were differentially
methylated. The potential transcriptional regulation of metabolic processes by DNA

methylation may indicate that metabolite levels in the syncytium are tightly controlled.

Recent experimental evidence indicated that various plant pathogens have evolved the
ability to manipulate host ubiquitin/proteasome system (UPS) to cause disease
(DIELEN et al., 2010). UPS seems to play a vital role in syncytium formation as many
genes with UPS-related functions were found to be significantly up-regulated in the
developing syncytia during a compatible interaction between H. glycines and soybean
(Ithal et al., 2007; Klink et al., 2007). Demethylation of many of these genes, including
for example proteasome component (PCI) domain protein, MATH-BTB domain protein
(BPM), and ubiquitin protein ligase, may be the cause of their up-regulation in the

syncytium. The finding that cyst nematodes secrete effector proteins that may function
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in dysregulation of host UPS (Tytgat et al., 2004; Chronis et al., 2013), may point to a
role of differential methylation as an additional mechanism of control to regulate

particular cellular processes targeted by nematode effectors to promote parasitism.

In conclusion, our genome-wide DNA methylation approach provide unprecedented
insights into DNA methylation changes during the compatible interaction of SCN with
soybean that impact a large number of protein coding genes, locally in the syncytium

and systemically in non-infected root cells, and their eventual transcriptional regulation.

4. Materials and Methods

4.1 Plant and nematode material

Soybean (Glycine max (L.) Merr) cv. Williams 82, an SCN-susceptible cultivar, was used
in this study. SCN (H. glycines Ichinohe) race 3 (HG-type 0) was maintained in

greenhouse culture on Williams 82 using standard procedures (Niblack et al., 2009).

4.2 Nematode inoculation and tissue collection

Soybean seed were soaked in running tap water for 30 min, surface-sterilized in 10%
bleach solution for 10 min, followed by thorough rinsing in running tap water. Seed
were germinated for 3 days in rolled germination paper (rag dolls) at 26°C in the dark.
Freshly hatched second-stage juveniles (J2) were extensively washed and suspended in
0.1% sterile agarose at a concentration of 400 J2 per 100 ul. Healthy 3-d-old seedlings
were then placed on moist blue blotter paper in the petri dish (150 mm x15 mm) and
inoculated with about 2000 J2 distributed equally around the whole roots. Control
samples were mock inoculated with 500 pl of 0.1% agarose. SCN-inoculated and control

roots were covered with sterile blue blotter paper soaked with 2-(N-
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morpholino)ethanesulfonic acid (MES)-buffered sterile water (pH 6.5). The Petri dishes
were then covered with the lids and incubated in a plant growth chamber at 26°C in 16-
h-light (75umol m= s)/8-h-dark conditions. The infection process was examined in
20% of the inoculated samples using acid fuschin stain as previously described by
(Daykin and Hussey, 1985). The inoculation experiment was repeated three times and
two root samples (infected and control) from each experiment for a total of six
biologically independent samples that were collected at five days post infection (dpi).

Each sample contained at least 6 seedlings.

4.3 Construction of Methyl-Seq Libraries

Whole genome Methyl-Seq Libraries were prepared using the Illumina TruSeq Library
Prep kit (Illumina, San Diego, CA) with minor modifications. Briefly, DNA was extracted
from root tissues of control and inoculated seedling using DNAeasy Plant Mini Kit
(Qiagen). Approximately, 1.5 ug of genomic DNA plus unmethylated lambda DNA were
sheared using the Bioruptor (Diagenode Inc) as per manufacturer instructions. Sheared
genomic DNA was spiked with 1-2% of fragmented, unmethylated lambda DNA
(Promega). Fragment size distribution of 250-400 bp for each sample was verified by a
run on Agilent Bioanalyzer using a 1000 DNA chip (Agilent Technologies). Cytosine
methylated adapters provided by Illumina were ligated to the blunt ends of fragmented
DNA. The ligated DNA was treated with sodium bisulfite using MethylCode™ Bisulfite
Conversion Kit (Invitrogen) and ligated fragments (400-500 bp) were selected on a
Pippin prep (Sage Sciences). Post-size selection, samples were enriched by 10 cycles of
PCR reaction using 2.5U uracil-insensitive PfuTurboCcHotstart polymerase (Agilent), 5
ul 10X PfuTurbo Buffer, 0.4 pl of 100 nM dNTPs, 5 pl of Illumina Truseq oligo mix. The
PCR reactions were run using the following program: 95°C for 2 min, and 10 cycles of
98°C for 15 sec, 60°C for 30 sec, 72°C for 4 min, followed by a final elongation step of 10
min at 72°C. The amplification products were cleaned using Agencourt AMPure XP
beads (Beckman Coulter, Inc). Purified PCR products were enriched further for 5 cycles

of PCR amplification using Illumina’s protocol for library enrichment. Finally, Methyl-
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Seq Libraries were validated on Agilent Bioanalyzer using a 1000 DNA chip (Agilent
Technologies) and quantified using Illumina sequencing primers in a qPCR reaction
before sequencing. Sequencing was performed at Oak Ridge National Laboratory using

the Illumina HiSeq platform.

4.4 Data Analysis

MethylC-Seq reads for each biological replicate were filtered and trimmed using
Trimmomatic with a phred quality threshold of 33 (Bolger et al., 2014). All sequencing
reads were individually mapped using Bismark (Krueger and Andrews, 2011) to the
soybean genome reference (Glycine max Wm82.a2.v1). The alignments were done using
the default software options for paired end read alignment. The SAM alignment files
generated by Bismark were used to identify differentially methylated cytosine bases or
regions using the methylKit package in R with logistic regression (Akalin et al., 2012).
Cytosines were called if the genomic region was covered by at least 10 reads and three
methylation call files for CpG, CHG and CHH contexts were generated for both infected
and control samples. Differentially methylated regions were identified using a non-
overlapping window of 200 bp. Hypo/hyper-methylated regions covered by at least 10
reads with percent methylation difference larger than 25%, were identified using q-value
<0.01. Fisher’s exact test was used to calculate P-values and P-values were adjusted to g-
values using SLIM method (Wang et al., 2011). The location and function of genes in the
soybean genome version Wm82.a2.v1 were downloaded from Phytozome (Goodstein et
al., 2012). Differentially methylated regions were mapped to various annotated features
of genic regions including protein coding genes their subfeatures, including promoter
regions, exons, and 5’ and 3’ untranslated regions (UTRs), using a custom R script and
the Bioconductor package rtracklayers (Lawrence et al., 2009). The promoter region
was defined as 1000 bases upstream of the first base of the mRNA annotated region. A
positive overlap was recorded if the 200 bp region overlapped the feature or subfeature
by one base pair or more. Gene Ontology (GO) enrichment analysis was performed

using AgriGO database (Du et al., 2010) and statistical significance was determined
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using Fisher’s exact test and a P-value cutoff less than 0.05. Enrichment analyses of the
differentially methylated genes were conducted using the latest annotated version of
soybean genome (Glycine max Wm82.a2.v1) as background genes. Enrichment
analyses of the differentially hyper- and hypo-methylated genes that overlap with the
syncytium differentially expressed genes were conducted using the total number of
differentially methylated genes (2004 genes) as background genes. x2 tests of
independence were used to evaluate the significance of overlaps between various gene

lists as previously described by Hewezi et al. (2012).

4.5 RNA isolation and qPCR quantifications

Total RNA was extracted from frozen ground root tissues using the method previously
described by (Verwoerd et al., 1989). Total RNA was treated with DNase using DNase I
kit (New England Biolabs, Ipswitch, Massachusetts, USA). 50 ng of DNase-treated RNA
were used for cDNA synthesis and PCR amplification using Verso one- step qPCR SYBR
kit (Fisher Scientific, Hampton, New Hampshire, USA) according to the manufacturer’s
protocol. The reactions were run on ABI 7900HT Fast Real-Time PCR System (Applied
Biosystems) using the following program: 50°C for 15 min, 95°C for 15 min, and 40
cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 20 s. A dissociation curve was created
after PCR amplification to detect nonspecific products using the following program:
95°C for 15 s, 50°C for 15 s and a slow ramp from 50°C to 95°C. Three biologically
independent samples of SCN-infected and non-infected control each with four technical
replicates were used in qPCR analysis. The soybean ubiquitin (Glyma.20G141600), a
constitutively expressed gene, was used as an internal control to normalize gene
expression levels. Quantification of gene expression changes in SCN-infected samples
relative to non-infected control were performed as previously described by (Hewezi et

al., 2015).
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Figure 2.1 Characterization of differentially methylated regions in soybean

roots in response to SCN infection.

(A) Number of differentially hyper- and hypo-methylated regions between SCN-
infected and non-infected roots in CpG, CHG and CHH contexts. (B and C) Number of
protein-coding genes overlapping with differentially hyper-methylated regions (B) or
with hypo-methylated regions (C) in CpG, CHG and CHH contexts. The total number of
differentially methylated regions in each context is shown in parentheses. (D and E)
Distribution of differentially hyper-methylated (D) and Hypo-methylated (E) regions to

various annotated features of protein—coding genes.
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Figure 2.2 Genome-wide mapping of differentially methylated regions and
associated genes. (A) A circle diagram showing chromosomal locations of the
differentially hyper- and hypo-methylated regions in CpG, CHG and CHH contexts and
overlapping genes into the 20 soybean chromosomes. (B and C) Distribution of the
differentially hyper-methylated regions (B) and hypo-methylated regions (C) in the 20

soybean chromosomes.
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Figure 2.3 Recently duplicated soybean genes are preferentially targeted for
differential methylation in response to SCN infection. (A) Percentages of
hyper-methylated genes with various Ks values relative to the total number of paralogs
that were contributed by the 13-Myr WGD (red bars; Ks = 0.06-0.39) or by the 59-Myr
WGD (blue bars; Ks = 0.40-0.80). (B) Percentages of the hypo-methylated genes with
various Ks values relative to the total number of paralogs that were contributed by the
13-Myr or 59-Myr WGD events. The Ks values for all differentially methylated genes
were calculated using MCScanX program. (C) Homologous genes were targeted
correspondingly for differential methylation. Shown are 69 collinearity events (red
lines) among 133 differentially methylated genes. Grey lines represent whole genome

duplicated genes contributed by the 13- and 59-Myr WGD events.
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Figure 2.4 qPCR quantification of the impact of DNA methylation in gene
body and promoter regions on gene expression levels. (A and B) Hyper-
methylation in gene body (A) or promotor regions (B) in various sequence contexts
showed heterogeneous effects on gene expression levels. (C and D) Hypo-methylation in
gene body (C) or promotor regions (D) in various sequence contexts was mainly
associated with increased gene expression levels. The relative fold-change values were
calculated using the 2-AACT method and represent changes of the expression levels in
SCN-infected root tissues relative to non-infected controls. Data are averages of three
biologically independent experiments + SE. Mean values significantly different from 1.0
(no change) are indicated by an asterisk as determined by t tests (P < 0.05). Soybean
ubiquitin (Glyma.20G141600) was used as an internal control to normalize gene

expression levels.
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Figure 2.5 Identification of syncytium genes that are under methylation
control. (A and B) Venn diagrams showing overlap between syncytium differentially
expressed genes and those identified as hyper-methylated genes (A) or hypo-methylated
genes (B) in various sequence contexts. Ninety-three of the differentially hyper-
methylated genes and 193 of the differentially hypo-methylated genes were identified as
overlapping with the 6,903 syncytium-differentially expressed genes. (C) Gene Ontology

categorization of the molecular function of 278 unique syncytium-differentially

25

20 -

m Hyper-methylated genes
u Hypo-methylated genes

methylated genes. Only categories represented by at least three genes were included. (D)

Comparison of Gene Ontology categorization of the molecular function between the 93

hyper-methylated and the 193 hypo-methylated genes overlapping with syncytium

differentially expressed genes.
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Chapter 3: Methylome changes mediated by the soybean

cyst nematode resistance gene GmSHMTo0S8
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Abstract

Rhg4 is a major locus required for soybean cyst nematode (SCN) resistance in soybean
accessions containing low copy of repeat unit at Rhgt locus. Rhg4 encodes a serine
hydroxymethyltransferase (GmSHMTo08), whose function in nematode resistance
remains mostly unknown. Key role of GmSHMTo08 in reprograming soybean
methylome during SCN infection was elucidated using a pair of highly homozygous
near-isogenic lines (NILs) containing the resistant or susceptible Rhg4 allele. NILs had
differential levels of methylation under non-infected conditions. The substantial
significant differences in DNA methylation patterns between the NILs were associated
with differential gene expression; this association may prime their response to SCN
parasitism. In response to SCN infection, the NILs exhibited contrasted DNA
methylation patterns with the methylome of the susceptible line being more dynamic
than that of the resistant line. Comparing the methylomes of the parental lines with that
of the NILs resulted in the identification of heritable as well as novel non-parental
differentially methylated regions overlapping with genes related to SCN parasitism of
soybean. Together, our analyses provide insights into the biochemical basis of Rhg4

function in SCN resistance.
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1. Introduction

DNA methylation is a consequential epigenetic factor that impacts gene expression,
transposon mobility, genomic stability and imprinting (He et al., 2011). Previous studies
identified key enzymes that carry-out cytosine DNA methylation in various sequence
contexts. After DNA replication cytosine methylation in CG and CHG is maintained
through the activity of METHYLTRANSFERASE1 (MET1) and CHROMOMETHYLASES
(CMT3), respectively. Also, a small portion of CHH methylation can be maintained by
CMTz2 following DNA replication, but the large majority of CHH methylation sites are
reestablished de novo. De novo DNA methylation in CG and non-CG contexts is carried-
out through the synchronized activity of the RNA-directed DNA methylation (RADM)
pathway and DOMAINS REARRANGED METHYLTRANSFERASE 2 (Matzke and
Mosher, 2014). Failure to faithfully maintain DNA methylation status by the
maintenance enzymes after fertilization may cause spontaneous DNA methylation
polymorphisms refer to as epialleles (Mosher et al., 2009; Slotkin et al., 2009; Schmitz
et al., 2011). Epialleles can be induced by developmental and environmental stimuli as
well as through transposon insertions and genome rearrangements that induce directed
chromatin modifications (Hollister and Gaut, 2009; Taudt et al., 2016; Springer and

Schmitz, 2017).

DNA methylation patterns of Arabidopsis lines generated through single-seed descent
for 30 generations with their ancestral lines revealed that spontaneous loss and gain of
DNA methylation at individual cytosine sites occur at high levels mainly in the genic
regions in the CG sequence context (Becker et al., 2011; Schmitz et al., 2011). Regions
with continuous cytosine methylation polymorphisms were also found but at relatively
lower rate (Becker et al., 2011; Schmitz et al., 2011). Studies of inheritance and stability
of DNA methylation patterns in maize and soybean using populations of recombinant
inbred lines (RILs) provided additional evidences for transgenerational inheritance of
DNA methylation variants over several generations in the segregating populations

(Eichten et al., 2013; Regulski et al., 2013; Schmitz et al., 2013).
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Similar to spontaneously generated DNA methylation variants experimentally induced
DNA methylation changes may result in generation of novel non-parental DNA
methylation polymorphisms that are heritable. For example, DNA hypomethylation
induced by mutation in the Arabidopsis DDM1 gene was stably transmitted over several
generations (Kakutani et al., 1999). Similarly, ddmi-induced hypermethylation of
BONSALI gene was consistently maintained in the ddmi after recurrent self-pollination
(Saze and Kakutani, 2007). More comprehensive studies of transgenerational
inheritance of DNA methylation variants were conducted in Arabidopsis using
epigenetic recombinant inbred lines known as epiRILs that were generated by crossing
the hypomethylated mutants met1 or ddm1 with wild-type plants (Johannes et al., 20009;
Reinders et al., 2009). Analysis of DNA methylation profiles in these epiRILs
documented the transgenerational inheritance of parental DNA methylation patterns in
addition to the presence of newly acquired non-parental methylation variants (Johannes
et al., 2009; Reinders et al., 2009). Furthermore, phenotypic analysis of the epiRILs for
various traits including plant growth, plant height, flowering time and response to biotic
and abiotic stresses revealed high degree of heritability (Johannes et al., 2009; Reinders
et al., 2009) indicating that epiallelic variations may contribute to the heritability of
complex traits. More recently, it has been shown that combining hypomethylated and
normally methylated genomes in F1 plants triggers substantial reprogramming of plant
methylomes that may result in novel and heritable epialleles (Rigal et al., 2016).
Therefore, it is most plausible that interference with DNA methylation programs may
spontaneously trigger heritable epigenetic variations that may be conditioned by cis-

and/or trans-acting differences.

In soybean, soybean cyst nematode (SCN, Heterodera glycines) is the most damaging
pathogen, causing significant yield and quality losses. SCN induces vascular root cells to
fuse and form a permanent feeding structure, the syncytium, essential for nematode
development and maturity. Resistance to SCN is conferred by two main loci, Rhg1 (for
resistance to H. glycines and Rhg4, at chromosome 18 and 8, respectively. The Rhg1
locus contains three genes within a 31-kb repeat region that encode an a-SNAP protein,

a putative amino acid transporter, and a wound-inducible protein (Cook et al., 2012).
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Increased expression of these three genes, mediated by high copy number, was found to
contribute to SCN resistance in an additive manner. Rhg4 locus contains only one gene
encoding serine hydroxymethyltransferase (GmSHMTo08) (Liu et al.,, 2012). SCN
resistance in commercially available soybean cultivars is gained from two main sources
that include plant introduction (PI) 88788 and Peking (Concibido et al., 2004). (PI)
88788-drived resistance is mediated by high copy number of rhgi-b allele (7 to 10
copies) (Cook et al., 2012), and cultivars produced from this source display slow
degeneration of the nematode feeding site, leading to delayed arrest of nematode
development (Kim et al., 2010). Peking-derived resistance requires both Rhg4 and rhgi-
a allele (Meksem et al., 2001), and cultivars produced from this source display stronger
and faster resistance response, leading to rapid arrest of nematode development at the
infective juvenile stage (Mahalingam and Skorupska, 1996; Klink et al., 2009). However,
molecular mechanisms through which Rhgi1 and Rhg4 mediate SCN resistance remain
to be elucidated.

SHMTs are key enzymes involved in one-carbon metabolism, a housekeeping cellular
function that supports various physiological processes including redox defense and DNA
methylation (Liu et al., 2012; Locasale, 2013; Mitchum, 2016).The anticipated function
of Rhg4 (GmSHMT08) in redox defense is consistent with the activation of significant
numbers of genes associated with oxidative stress, hypersensitive responses and
programmed cell death in the syncytium formed in Peking (Klink et al., 2009). The
potential implication of Rhg4 in modulating plant DNA methylation landscape is
striking since recent studies indicated that level and pattern of plant DNA methylation
are considerably modulated during cyst nematode infection (Rambani et al., 2015;
Hewezi et al., 2017). In this study, the function of GmSHMTo08 in establishing DNA
methylome landscapes of soybean roots during SCN infection was studied using highly
homozygous near-isogenic lines differing at Rhgg4 locus. Our analyses provide
unprecedented insights into the role of GmSHMTO08 in reprograming soybean

methylomes that may prime plant response to SCN parasitism.
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2. Results

2.1 Developing near-isogenic soybean lines differing at the SCN resistance

gene Rhgyg

Two near isogenic lines (NILs), TN09-16 and TN09-29, respectively containing the
susceptible and resistant allele of Rhg4, were generated and provided by Dr. Vince
Pantalone at the!Department of Plant Sciences, University of Tennessee. These NILs are
highly homozygous recombinant inbred lines derived from individual F13 generation
single plants from a cross between the SCN-resistant variety Fowler and the SCN-
susceptible variety Anand. Homozygosity level of these NILs was estimated to be 0.9998
based on the number of inbreeding generations after the creation of F1. SCN resistance
in the parental line Fowler was acquired from the Plant Introduction (PI) 437654. PI
437654, which exhibit ‘Peking-type’ resistance, has been shown to carry the SCN
resistance gene Rhg4 and three copies of Rhgia (Concibido et al., 2004; Cook et al.,
2014). Initially, we used Simple Sequence Repeat (SSR) markers associated with Rhg1
(Satt309) and Rhg4 (Satt162 and Satt632) (Kazi et al., 2010) to test potential genetic
differences between these two NILs at Rhg1 and Rhg4 loci. This analysis was performed
in Dr. Prakash Arelli’s laboratory at Crop Genetics Research Unit, USDA-ARS, Jackson,
Tennessee. The resistant line TN09-29 inherited the two resistant alleles from its
Hartwig ancestry. The susceptible line TN09-016, however, did not inherit the Rhg4
allele but did receive the Rhg1 resistant allele. We next cloned and sequenced the SCN
resistance genes soluble NSF attachment proteins (GmSNAP18) and the serine
hydroxymethyltransferase (GmSHMTo08) at the Rhg1 and Rhg4 loci, respectively from
the isogenic lines. While the nucleotide sequences of GmSNAP18 were identical in both
lines, GmMSHMTo08 showed two single nucleotide polymorphisms (SNPs), leading to
R130P and Y358N amino acid substitutions between the TN09-29 and TN09-16 (Figure
S.3.1). These two amino acid substitutions were previously reported to establish the

difference between the resistant and susceptible alleles of Rhg4 (Liu et al., 2012).
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Nematode susceptibility assays of the parental lines and the NILs were conducted
against SCN HG Type o (race 3) in Dr. Prakash Arelli’s laboratory at Crop Genetics
Research Unit, USDA-ARS, Jackson, Tennessee. The parental line Anand showed very
high level of SCN susceptibility with more than 100 cysts per plants. In contrast, Fowler
showed high level of resistance with only one or two cysts can occasionally be seen in the
inoculated plants (Figure S.3.2). Similarly, the NILs showed completely opposite
responses to SCN infection. TN09-16 showed very high level of susceptibility, whereas
TN09-29 showed complete resistance to SCN (Figure S.3.2). TN09-16 and TN09-29
were also evaluated for SCN resistance in the USDA Southern Uniform Soybean Test
program (Gillen and Shelton, 2012). TN09-29 showed strong resistance to race 2 (HG
Type 1.2.5.7), race 3, and race 5 (HG Type 2.5.7) with the highest possible resistant score
ratings (1, 1, 1). In contrast, TN09-16 showed high level of susceptibility rated at scores
of 4, 4, and 4, for SCN races 2, 3, and 5, respectively (Gillen and Shelton, 2012).These
results are consistent with previous reports indicating that Rhg4 is required for
complete resistance against SCN in the PI 437654-derived germplasms (Meksem et al.,

2001; Brucker et al., 2005).

2.2 The genomes of the near isogenic lines are significantly differentially
methylated

Taking into consideration the function of GmSHMTO0S in cellular methylation (Locasale,
2013; Mitchum, 2016), we therefore examined its potential impact on the methylome of
the NILs under non-infected conditions. Seeds of the NILs TN09-16 and TN09-29 were
germinated and root tissues of non-infected one-week-old seedlings were collected in
three biological independent samples. DNA were isolated from these six samples and
used to prepare methylC-seq libraries. The libraries were sequenced using Illumina
HiSeq 2500 sequencing platform. We obtained 1.190E+09 100-bp reads for the
susceptible TN09-16 line and 1.159E+09 reads for the resistant TN09-29 line, providing
more than 100 X coverage of the soybean genomes. Bisulfite conversion rate was

estimated using the A phage genome and found to be greater than 99.7%. Differentially
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methylated cytosines in the CG, CHH and CHG sequence contexts were considered for
downstream analyses only if they covered by at least 10 high-quality reads. We
compared the global methylation levels between TN09-16 and TN09-29 over genes and
transposable elements (TEs) in the CG, CHG, and CHH contexts. Interestingly,
differences in the global methylation levels between the two lines were detected in gene
body as well as upstream and downstream regions in all sequence contexts (Figure 3.1
A-C). The susceptible line TN09-16 showed higher methylation levels than the resistant
TN09-29 line over gene body and the flanking regions in the CHG and CHH contexts
(Figure 3.1 B and C). In the CG context, TN09-16 showed higher methylation level in the
flanking regions but lower methylation in gene body (Figure 3.1A). Differences in the
global methylation levels between the two lines were also observed in TEs (Figure 3.1 D-
F). TN09-16 showed higher methylation levels than TN09-29 in the TE flaking regions
in all sequence contexts (Figure 3.1 D-F). Over the body of TEs, the global methylation
levels of TN09-16 and TN09-29 in the CHG context were comparable (Figure 3.1 E). In
CG and CHH, however, the differences between the two lines were noticeable. TN09-16
showed higher CHH-methylation and lower CG-methylation than TN09-29 (Figure 3.1
D and F). These initial analyses indicate that the genomes of these NILs are

considerably differentially methylated.

To identify genomic regions with the most significant methylation differences, the
genomes of these two lines were divided into 200-bp non-overlapping bins and then
differentially methylated regions (DMRs) with at least 50% methylation differences
were identified using a false discovery rate (FDR) of 0.01. Using these stringent criteria,
21,852 unique DMRs between TN09-16 and TN09-29 were identified. Of these 4,180
and 11,211 DMRs overlapped with protein-coding genes and TEs, respectively (Figure
3.2). The remaining DMRs are located in unannotated regions of the genome. As shown
in Figure 3.2, the majority of these DMRs occurred in the CHG and CG contexts, with
approximately two-thirds of these regions being hypermethylated in the susceptible line
TN09-16 compared with the resistant line TN09-29. When the 4,180 DMRs were
mapped to various annotated features of protein-coding genes we found that CG-DMRs
occur mostly in gene body and to a much lesser extent in gene promoters and 5’ and 3’
untranslated regions (UTRs) (Figure S.3.3). Notably, 70% of CHG-DMRs were found in
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gene body (Figure S.3.3). In contrast to CG- and CHG-DMRs, the number of CHH-
DMRs overlapping with gene features was relatively small (Figure S.3.3). TE-associated
DMRs were mapped to various transposon families. Remarkably, 88% of these DMRs
were associated with long terminal repeat (LTR) retrotransposons (Figure S.3.4). DMRs
overlapping with the DNA transposons Helitron and TIR constituted about 10% of the
total number of TE-associated DMRs (Figure S.3.4).

Gene Ontology (GO) enrichment analysis of the 3,666 differentially methylated genes
(DMGs) between TN09-16 and TN09-29 revealed overrepresentation of genes involved
in various biological processes (Figure 3.3A). Of note is that ontologies with functions
related to chromatin silencing, RNA interference, DNA repair, production of siRNAs,
and histone H3-Kg methylation were significantly overrepresented. Thus, the
enrichment of genes related to epigenetic modifications among the DMGs may explain

the remarkable methylome differences between these two NILs.

2.3 Differential DNA methylation between the isogenic lines may prime

their responses to SCN infection

To examine the degree to which cytosine methylation impacts gene expression in the
isogenic lines, RNA-seq libraries were generated from the same root samples used for
DNA methylation analysis. We identified 948 differentially expressed genes (DEGs)
between TN09-16 and TN09-29 at a FDR of 0.05. GO term analysis revealed statistically
significant enrichment for categories related to wounding response, defense response,
membrane disassembly, and intracellular signal transduction (Figure 3.3B). This finding
suggests that differences in priming response between TN09-16 and TN09-29 may
contribute to their contrasted response to SCN infection. To examine this suggestion, we
compared the 948 DEGs with our list of previously identified syncytium DEGs (6,903)
and 267 genes were identified as common between these two gene lists. This significant
overlap (28.16%, x2 = 38.91, P = 1.81E-08) further supports our suggestion. We next
compared the 948-gene list with the 3,666 DMGs to determine if there is a significant
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enrichment for the DMGs among the DEGs. Fifty-two genes were common to both gene
lists, revealing a significant enrichment (5.48%, x2 = 27.76, P = 4.07E-06) for the DMGs
among the DEGs (Figure 3.3C). The methylation patterns of these 52 genes seem to
impact their expression levels. For example, promoter and gene body hypermethylation
of Glyma.09G133900 in TN09-16 was associated with a significant gene downregulation
(Figure 3.3D). In addition, we identified 9 DEGs that are located with 2 kb from
differentially methylated TEs. Together, these data indicate that under non-infected
conditions differential DNA methylation contributes to differential gene expression

between the NILs that may prime their responses to SCN parasitism.

2.4 The susceptible and resistant isogenic lines exhibit contrasted DNA

methylation patterns in response to SCN infection

We examined whether the methylomes of the TN09-16 and TN09-29 are similarly
altered in response to SCN (race 3) infection. MethylC-seq libraries were constructed
from SCN-infected roots at 5-day post infection (dpi) and compared with control
samples. Both infected and non-infected libraries were prepared from root tissues
collected from the same experiments at the same time. Differentially methylated
cytosines were identified as described above and global methylation levels were
compared between infected and non-infected samples over genes and TEs in all
sequence contexts. In response to SCN infection, the susceptible line TN09-16 showed
reduced methylation levels over protein-coding genes in all sequence contexts compared
with non-infected control (Figure 3.4 A-C). In sharp contrast, the SCN-infected samples
of the resistant line TN09-29 showed increased methylation levels over protein-coding

genes in all sequence contexts compared with non-infected control (Figure 3.4 G-I).

Differences in global methylation patterns over TEs in response to SCN infection were
also observed between the NILs. Infected TN09-16 samples showed reduced
methylation levels over the body of TEs and flaking regions in all sequence contexts in

comparison with the non-infected control samples (Figure 3.4 D-F). On the contrary,
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infected TN09-29 samples showed increased methylation level over the body of TEs and
flaking regions in CHH context relative to non-infected samples (Figure 3.4 L). In the
CG and CHG contexts, however, increased methylation levels in the TN09-29—infected
samples were observed only over the TE flaking regions (Figure 3.4 J and K). These
analyses indicate that the NILs exhibit contrasted DNA methylation patterns in
response to SCN infection with hypomethylation being more predominant in the
susceptible line, whereas hypermethylation being more predominant in the resistant

line.

2.5 DNA methylation patterns associated with the susceptible and resistant

responses are highly specific

To localize the genome-wide DNA methylation profiles induced by SCN in both lines we
identified DMRs as indicated above and mapped them to the annotated protein-coding
genes and TEs. In response to SCN infection we identified 50,040 DMRs in TN09-016.
Of these, 7,585 (15.16%) overlapped with protein-coding genes, and 28,100 (56.16%)
overlapped with TEs (Figure 3.5 A). Of the 28,100 TE-associated DMRs 1,676 (5.96%)
were located in genes. Notably, the number of DMRs in TN09-29 was dramatically
lower (Figure 3.5 B). A total number of 5,080 DMRs were identified in the TN09-29-
infected samples compared with controls (Figure 3.5B). Of these, 1,296 (25.51%)
overlapped with protein-coding genes, and 2,356 (46.38%) overlapped with TEs (Figure
3.5B). Of the 2,356 TE-associated DMRs 178 (7.55%) were located in genes. When the
DMRs overlapping with protein-coding genes or TEs were compared between the two
lines, only 74 DMRs were common (Figure 3.5C), indicating that DNA methylation
patterns associated with the susceptible and resistant responses are highly specific. This
indication was further supported by GO term enrichment analysis showing the
association of the DMGs in TN09-16 and TN09-29 with different GO biological process
categories (Figure 3.5D and E).
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To better understand the methylation differences between TN09-16 and TN09-29 in
response to SCN infection, we examined the methylation level, direction, and sequence
contexts of the DMRs. The numbers of hyper- and hypo-DMRs associated with protein-
coding genes and TEs in the CG, CHG and CHH contexts are shown in Figure 3.5F-K.
With the exception of the CG-DMRs overlapping with TEs (Figure 3.51) the numbers of
hypo-DMRs in various sequence contexts in TN09-16 were higher than hyper-DMRs. In
TN09-29, however, we observed the opposite trend with hyper-DMRs being more
predominant than hypo-DMRs in all cases except CHH-DMRs associated with TEs
(Figure 3.5K). This trend is also evident when hyper- and hypo-DMRs overlapping with
various annotated features of protein-coding genes (Figure S.3.5) and transposon
families (Figure S.3.6) were compared within each line. Together, these data indicate
that DNA methylation reprograming occurs prominently during the susceptible

interaction and to a much lesser extent during the resistant interaction.

2.6 DNA methylation reprograming during the susceptible interaction

contributes to gene expression changes

We further studied gene expression changes in the TN09-16 and TN09-29 in response
to SCN using RNA-seq approach. The RNA libraries were prepared from the same tissue
samples used for DNA methylation analysis to facilitate examining the potential link
between DNA methylation and transcriptome changes. Because of the heterogeneity
nature of SCN-infected roots we used a less stringent P value cutoff of < 0.05 and a FDR
< 0.1 to identify DEGs. We identified 1,668 and 112 DEGs in TN09-16 and TN09-29,
respectively at 5 d post SCN infection. The low number of the DEGs identified in the
resistant lines may reflect the localized response to SCN infection compared with the
susceptible line in which localized and systemic responses may occur both in the
developing syncytium as well as in cells far from the infection sites. GO analysis revealed
a significant enrichment of three biological process terms associated with plant
responses to oxidative stress, chemical stimulus, and oxidation reduction among the

TN09-29 DEGs. These results are consistent with the previous reports associating
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oxidoreductase activity and oxidative stress response with Peking-type resistance (Klink
et al., 2007; Klink et al., 2009; Klink et al., 2011), and support the potential function of
GmSHMTo08 in redox defense. Among the TN09-16 DEGs genes we noted a significant
enrichment of biological process terms corresponding to plant response to stimulus and
signaling of various phytohormones, including ethylene, salicylic acid, jasmonic acid,
and abscisic acid (Figure 3.6A). Genes involved in ROS-mediated defense response,
secondary cell wall biogenesis, cell wall loosening, membrane disassembly, and cellular
responses to wounding and chitin were also overrepresented among the TN09-16 DEGs
(Figure 3.6A).

Next, we determined the potential association between DNA methylation and gene
expression changes. We compared the 112 DEGs and the 1293 DMGs identified in the
TN09-29 upon SCN infection and only one gene (Glyma.04G180400) was common
between the two gene lists (Figure 3.6B). Also, we examined if differentially methylated
TEs are located within 2 kb upstream or downstream of the 112 DEGs. Only one gene
(Glyma.06G102000) was found to contain a differentially methylated TE 1.813 kb from
its transcriptional start site (TSS) (Figure 3.6B). These results imply that differential
DNA methylation doesn’t seem to directly impact gene transcription during the resistant
interaction. Similarly, we compared the 1668 DEGs and the 6252 DMGs identified in the
TN09-16 after SCN infection and 123 genes were common between the two gene lists
(Figure 3.6C), implying that DMGs are statistically significantly enriched among the
DEGs (7.37%, x2 = 140.3, P = 3.27E-30). Furthermore, we identified 50 DEGs
containing differentially methylated TEs in their gene body or promoters, 2kb upstream
of the TSS, resulting in a unique list of 147 differentially expressed DMGs (Figure 3.6C).
Of these 147 genes, 47 have been previously shown to change expression in the SCN-
induced syncytium, providing additional support for the involvement of these genes in
plant-SCN interaction. Thus, we conclude that unlike the resistant interaction, DNA
methylation reprograming during the susceptible interaction may directly contribute to

gene expression changes.
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2.7 Identification of stably inherited DMRs potentially associated with SCN

infection

To identify stably inherited DMRs in the genic regions with potential association with
SCN resistance/susceptibility we searched for differential methylation in the isogenic
lines that are inherited from the parents. In other words, we were looking for DMRs
with the exact genomic coordinates that are hypermethylated in the susceptible parent
(Anand) and the susceptible line TN09-16 but hypomethylated in the resistant parent
(Fowler) and the resistant line TN09-29, and vice versa (hypomethylated in Anand and
TN09-16 but hypermethylated in Fowler and TN09-29). Therefore, we generated
methylC-seq libraries from the two parental lines Fowler and Anand using non-infected
root tissues collected from the same experimental settings described above.
Differentially methylated cytosines were identified and global methylation levels over
genes and TEs in all sequence contexts were compared between the parental lines.
Interestingly, the susceptible parent (Anand) showed higher methylation levels than the
resistant parent (Fowler) over genes and TEs in all sequence contexts (Figure S.3.7). A
significant number of DMRs between the parental lines were also detected. Of the
45,603 DMRs detected, 7,000 mapped to protein-coding genes and 21,667 mapped to
TEs. Consistent with global methylation patterns, the majority (65.70 %) of DMRs were
hypermethylated in the susceptible parent (Anand) compared with the resistant parent
(Fowler). These DNA methylation patterns are consistent with our results mentioned
above and showing increased global methylation levels and hyper-DMRs in the

susceptible line TN09-16 compared to the resistant line TN09-29.

We then compared the methylomes of the parental lines and that of the isogenic lines.
We identified 50 DMRs in the isogenic lines with differential methylation patterns that
were inherited from the parents (Figure 3.7A). As shown in Figure 3.7A, the 50 DMRs
are grouped into two main clusters. The first cluster contains 38 regions that were
hypomethylated in Fowler and TN09-29 but hypermethylated in Anand and TN09-016.
An example of these regions is highlighted in Figure 3.7B. The second cluster contains

21 regions that were hypermethylated in Fowler and TN09-29 but hypomethylated in
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Anand and TN09-16 (Figure 3.7A). These regions showed differential methylation in the
CG (36) and non-CG contexts (23) and are located in the gene body (38), promoter (17)
and 5'UTR (4) (Figure 3.7C and D). These 59 DMRs overlapped with 59 unique protein-
coding genes, four of them were previously reported as differentially expressed in

soybean syncytium.

2.8 Identification of novel non-parental DMRs specific to the isogenic lines

We further extended these analyses by comparing the methylomes of the parental lines
and the isogenic lines under non-infected conditions in order to identify novel non-
parental DMRs unique to TN09-16 or TN09-29. Interestingly, 56 DMRs unique to
TN09-16 were identified. Gain or loss of DNA methylation in these regions occurred to a
similar extent and was opposite of that detected in the parental lines and TN09-29
(Figure 3.8A). An example of these regions is provided in Figure 3.8B. The opposite
methylation patterns were detected in CG (37), non-CG (16), and both CG and non-CG
contexts (3) (Figure 3.8C). The DMRs were located in gene body (42), gene promoters
(9), and UTRs (5) (Figure 3.8D). The 56 DMRs overlapped with 55 protein-coding
genes. This gene list included 9 of the previously identified syncytium DEGs, implying a
role in the susceptible soybean-SCN interaction. We also identified a homolog of
Arabidopsis mRNA splicing factor among this gene list. This finding promoted us to
examine our RNA-seq data for differential usage of exon and exon-exon junctions using
JunctionSeq package (Hartley and Mullikin, 2016). Using a FDR cut-off of 0.1, we
identified 12 alternatively spliced genes with 13 differentially used exons/junctions when
the transcriptomes of TN09-16 and TN09-29 were compared under non-infected
conditions (Figure 3.8E). Of these exons/junctions 10 were significantly highly used in
TN09-16 as in the case of Glyma17G149600 (Figure 3.8F), whereas the remaining 3
were significantly highly used in TN09-29. Interestingly, we found that 4 out of these 12
differentially spliced genes are among the syncytium DEGs, suggesting that novel non-

parental hypomethylation of a splicing factor-encoding gene in TN09-16 may affect
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alternative splicing of syncytium DEGs. Because DNA methylation can impact splicing
efficiency (Regulski et al., 2013; Wang et al., 2016), we intersected these 12 genes with
our 3,666 genes showing differential DNA methylation between TN09-16 and TN09-29.
None of these genes was common to both lists, indicating that alternative splicing of

these genes occurred independently of their methylation patterns.

Similarly, we compared the methylomes of the parental lines and the isogenic lines
under non-infected conditions in order to identify novel non-parental DMRs unique to
TN09-29. Interestingly, 106 DMRs specific to TN09-29 were identified (Figure 3.9A).
Hyper- and hypomethylation in these 106 regions occurred to a similar extent and was
opposite of that detected in the parental lines and TN09-16 (Figure 3.9A). An example
of hypermethylated region specific to TN09-29 is provided in Figure 3.9B. Differential
methylation of these DMRs was found in CG (61) and non-CG (45) (Figure 3.9C). The
opposite methylation patterns were detected in gene promoter/5’'UTR (28) and gene
body/3’UTR (81) (Figure 3.9D). The 106 DMRs overlapped with 107 protein-coding
genes, 11 of them previously reported to change expression in SCN-induced syncytium
(Figure 3.9E and F). Together, these data suggest that novel non-parental DMRs specific

to the isogenic lines may impact gene expression in the nematode feeding sites.

3. Discussion

Our analysis of the methylome landscapes mediated by the SCN resistance gene Rhg4
was facilitated by using NILs differing in Rhg4 locus and show opposite responses to
SCN infection. A key role of Rhg4 in establishing the root methylomes of the isogenic
lines was demonstrated by the finding that the genomes of the isogenic lines were
substantially differentially methylated both under non-infected and SCN-infected
conditions. Rhg4 is believed to be the key factor mediating these differences since no
genes involved in DNA methylation machinery was identified as differentially expressed
when we compared the root transcriptome of the isogenic lines. Our data also indicate

that methylome differences in the isogenic lines were established de novo since only 59
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genic regions showing opposite methylation patterns in these lines were inherited from

the parents.

Under non-infected conditions, we observed a general trend of increased global DNA
methylation in the susceptible line relative to the resistant line, specifically in the CHG
and CHH contexts over protein-coding genes and TEs. However, the resistant line
exhibited increased DNA methylation over the body of protein-coding genes and TEs in
the CG context. This finding suggests that global decrease in CHG and CHH methylation
in the resistant line was complemented with an increase of CG methylation. Unlike
other plant species in which gene body methylation occurs exclusively at CG sites (Lister
et al.,, 2008; Li et al., 2012; Regulski et al., 2013; Wang et al., 2016), our analysis
revealed a significant number of CHG-DMRs in the body of protein-coding genes when
the methylomes of the two isogenic lines were compared under non-infected conditions.
This could be the results of high insertion rate of short TEs in the introns of these genes.
However, we found that only 32% of the body CHG-methylated genes possessing
DMTEs inside their transcribed regions. Another possibility is that CHG methylation in
gene body may be linked to the activity of various histone demethylases that function in
eliminating methylation at histone H3 lysine 9 (H3Kgme). In Arabidopsis, it has been
shown that loss-of-function of the H3K9 demethylase IBMI (Increase in BONSAI
Methylation1) induced CHG methylation in the body of thousands of highly expressed
genes (Saze et al., 2008; Miura et al., 2009; Inagaki et al., 2010). Thus, differential
accumulation of H3K9gme in the body of actively transcribed genes may be responsible
for CMT3-mediated differential genic CHG methylation between the isogenic lines. We
also examined if CHG-methylation in gene body was mechanistically associated with CG
or CHH methylation. Interestingly, only 24 and 3% of body CHG-methylated genes
showed differential methylation in CG or CHH contexts, respectively. This finding
suggests that CHG methylation in transcribed regions is mostly independent of CG and
CHH methylation. The isogenic lines also exhibited high level of differential DNA
methylation in TEs, particularly LTR-type in the CHG context. This result may reflect
differences in the transposition dynamics of Copia and Gypsy retrotransposons, which
tend to be more vulnerable to DNA methylation than other types of TEs (Wang et al.,

2015; Hewezi et al., 2017).
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Rhgg-mediated methylome changes in the isogenic lines under non-infected conditions
appeared to significantly impact the methylation patterns of several genes involved in
epigenetic regulation. It is well known that various epigenetic components including
DNA methylation, histone modification and siRNA accumulation are highly
interconnected (Zilberman et al., 2008; Saze et al., 2012; Du et al., 2015). Thus,
differential methylation of key genes involved in these pathways may be part of
epigenetic feedback regulatory mechanisms that maintain epigenetic information.
Maintenance of epigenetic information could contribute to priming of plant defense
responses (Holoch and Moazed, 2015; To et al., 2015). Our RNA-seq analysis of the
NILs under non-infected conditions pointed into a possible difference in some type of
defense priming between the lines. This possibility was further reinforced, first, by our
finding that the DEGs were highly enriched for genes involved in defense responses and
biological processes associated with nematode susceptibility. Second, about one-third of
the DEGs were previously shown to change expression in SCN-induced syncytium.
Third, the DEGs included numerous marker genes of defense priming, including several
WRKY transcription factors, ROS-related genes, and lipoxygenases (Martinez-Medina et
al., 2016; Mauch-Mani et al., 2017). Recently, it has been shown that Arabidopsis hyper-
and hypomethylated mutants developed opposite responses to pathogen infection that
were dependent on the mutants’ ability to prime salicylic acid-mediated defense
responses and callose deposition (Lopez Sanchez et al., 2016). In this context, DNA
methylation can prime defense responses in a way that alters chromatin structure to

expedite gene transcription (Martinez-Medina et al., 2016; Mauch-Mani et al., 2017).

The role of GmSHMTo08 in establishing the methylomes of the isogenic lines became
more evident when the methylomes of isogenic lines were determined under SCN-
infected conditions. Consistent with the role of SHMTs in cellular methylation
(Locasale, 2013; Mitchum, 2016), the susceptible line, which contains a non-functional
allele of RHg4, exhibited reduced global methylation levels in both protein-coding genes
and TEs, whereas the resistant line showed the opposite response of increased global
methylation levels. This trend was observed in all three methylation contexts, suggesting

that the SHMT may have significant impact on the whole methylation pathway. Also,
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our results show that the methylome of the susceptible line is more dynamic than that of
the resistant line in response to SCN infection, as 50,040 DMRs were identified in the
susceptible line compared to only 5,080 DMRs in the resistant line. This dynamic can be
explained by the many cellular processes that accompany syncytium formation and
development during the susceptible interaction compared to localized cell death that
occurs during the resistant interaction. In addition to the dramatic differences between
the isogenic lines in term of methylation level and direction, differential DNA
methylation patterns within protein-coding genes and TEs demonstrated remarkable

level of specificity as only 74 DMRs were found common to both lines.

Despite the established association between DNA methylation and gene transcription
(Niederhuth and Schmitz, 2017), our analysis revealed low overlap between the DEGs
and the DMGs in the resistant line during SCN infection. This may be due to the dilution
of localized gene expression changes at the infection sites by using whole roots in our
analysis. Because DNA methylation can precede gene expression changes during cyst
nematode infection (Hewezi et al., 2017), the DMGs may associate with gene
transcription at later stage of infection. Another possibility is that DNA methylation
patterns may regulate the steady-state expression of these genes, preventing their
induction or repression during the resistant response. A role of DNA methylation as a
secondary stabilizer of gene expression has been recently proposed (Smith and
Meissner, 2013). Also, DNA methylation function mutually with other epigenetic
modification (Zilberman et al., 2008; Du et al., 2015) and hence, one can anticipate that
methylation status of these genes may necessitate additional epigenetic marks to

influence gene transcription to the level of significance.

In contrast to the resistant interaction, DNA methylation reprograming during the
susceptible interaction seem to directly impact gene transcription levels. A set of 147
differentially expressed/DMGs were identified in our analysis. Differential DNA
methylation seems to impact cellular functions that are directly modulated by cyst
nematode effectors. For example, genes involved in pectin demethylesterification and
polyamine oxidation, which are targeted by the cyst nematode effectors cellulose

binding protein and 10A06, respectively (Hewezi et al., 2008; Hewezi et al., 2010) were
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among the 147 differentially expressed/DMGs. The potential effect of DNA methylation
on gene transcription was obvious in many situations as in the case of an adaptin family
protein gene, which was hypomethylated in the promoter, gene body, and 3’'UTR in
various sequence contexts and highly induced in response to SCN infection. Adaptin
family proteins are involved in intracellular protein trafficking (Boehm and Bonifacino,
2001) and thus hypomethylation-mediated upregulation of this gene may facilitate
assimilate flow to the syncytium. Another example of the impact of DNA methylation is
the downregulation of cycling DOF factor 2 (CDF2), which was hypomethylated in gene
body in the CG context, but was hypermethylated in the promoter region in the CHH
context. In Arabidopsis, CDF2 has been reported to regulate the expression of a number
of miRNA genes at both transcriptional and posttranscriptional levels by direct binding
to miRNA promoters or through modulation of DCL1-mediated processing of primary
miRNA transcripts (Sun et al.,, 2015). Thus, reprogramming of DNA methylation

patterns may function in concert with other epigenetic pathways during SCN parasitism.

Increased activity of metabolism pathways is known to play central role in successful
nematode parasitism (Hofmann et al., 2010). Our data indicate that DNA methylation
contributes to the regulation of the transcriptional activity of several key primary
metabolism genes specifically those associated with the metabolic processes of
carbohydrate, glucan and malate, presumably to maintain metabolite levels at an active
physiologic status compatible with nematode feeding and development. Associations
between hyper- and hypomethylation and significant changes in gene expression were
also observed for several genes involved in the biogenesis of primary and secondary cell
walls, organization of actin and microtubules, defense responses, and signal
transduction. These findings are in agreement with our previous reports showing the
enrichment of genes encoding these functions among the DMGs induced in response to
infection by cyst nematodes in soybean and Arabidopsis (Rambani et al., 2015; Hewezi
et al.,, 2017). Thus, cyst nematode-induced differential methylation during the
susceptible interaction appears to regulate similar cellular processes in various plant

species.
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The methylome analysis of the parental lines and the two isogenic lines allowed us to
identify 56 and 106 regions that exhibit novel non-parental methylation patterns unique
to TN09-16 and TN09-29, respectively. Gain or loss of DNA methylation in these
regions seem to occur to a similar extent with preference observed for CG and CHG
contexts. Gain of DNA methylation appears to be introduced in the isogenic lines,
whether environmentally or genetically, during the 13 generations of breeding and was
faithfully maintained through the activity of MET1 and CMTS3. In contrast, loss of DNA
methylation in certain genic regions could be the result of absence of corrective DNA
methylation mechanisms that can restore DNA methylation. Failure to reestablish DNA
methylation in specific genic regions may be owing to the loss of the repressive histone
mark H3Kgme2, which has been shown to be directly or indirectly linked to the activity
of MET1 and CMT3-mediated DNA methylation in CG and non-CG contexts

(Bernatavichute et al., 2008; Inagaki et al., 2010; Du et al., 2012).

The non-parental methylation patterns in these genic regions could be induced by
transposons located in proximity to these DMR-associated genes, specifically those
transposons that are prone to DNA methylation change under infected conditions. In
agreement with this view we found that 12 of the 56 DMRs that are unique to the
susceptible line TN09-16 were located within 2 Kb of differentially methylated TEs
identified in TN09-16 in response to SCN infection. Previously, it has been shown that
TEs can induce heritable epialleles by bringing neighboring genes under their own
regulation (Slotkin and Martienssen, 2007). We also examined whether these 56 DMRs
are particularly vulnerable to DNA methylation changes under SCN infected conditions.
Interestingly, we found that 18 of these DMRs are among those identified in TN09-16 in
response to SCN infection. Similarly, 20 of the 106 DMRs that are unique to TN09-29
are among those showing differential methylation under SCN infection. Together, these
findings suggest that the non-parental methylation patterns occur in regions that are
vulnerable to methylation changes and that some introduced variations in DNA
methylation pattern can be inherited and stably transmitted to offspring. Recently, it
has been reported that a small portion of stress-induced DNA methylation changes can
be faithfully transmitted to next generations (Wibowo et al., 2016). The biological

significance of the newly acquired DNA methylation patterns in these genes remains
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elusive. However, the association of these regions with genes previously shown to
change expression in the syncytium highlight sheds lights into a possible role of these in

SCN parasitism of soybean.

4. Materials and Methods

4.1 Developing near-isogenic soybean lines differing in GmSHMTo08 gene

Two NILs, TN09-16 and TN09-29, which exhibit susceptible and resistant responses,
respectively, to SCN HG type 0 (race 3) were generated and provided by Dr. Vince
Pantalone at the1Department of Plant Sciences, University of Tennessee. These NILs
are highly homozygous recombinant inbred lines derived from individual Fi13
generation single plants from the cross ‘Fowler’ x ‘Anand’. Anand was developed from
the cross Holladay x Hartwig by the Missouri Agricultural Experiment Station and
released in 1999 (Anand et al., 2001). Fowler was developed from the cross Hartwig x
Holladay by the USDA-ARS at Jackson, TN, and released in 1999 (Young LD. 2001).
Hartwig derived its resistance from Plant Introduction (PI) 437654. Simple sequence
repeat (SSR) markers associated with rhg1 (Satt309) and Rhg4 (Satt162 and Satt632)
(Kazi et al., 2010) were initially used to examine the genetic differences between these
two NILs. In addition, the SCN resistance genes soluble NSF attachment proteins
(GmSNAP18) and the serine hydroxymethyltransferase (GmSHMTo08) at the rhg1-b and
Rhg4 loci, respectively, were amplified, ligated into pGMT-easy vector (Promega), and
sequenced to further confirm the genetic differences between the NILs at GmSHMTo08

locus.

4.2 Nematode susceptibility assays

Nematode susceptibility assays of isogenic lines and their parental lines were conducted

in the greenhouse using SCN HG type 0 (race 3). Seeds of each line were planted in pots
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(2 seeds per pot) containing soil : sand (1:1) mixture and organized in a randomized
complete block design. Each pot was inoculated with approximately 4,000 eggs at
seeding. Approximately 5 weeks after planting the cysts were blasted off the roots using
high pressure water and counted under the microscope. Statistically significant
differences between the parent as well as the isogenic lines and were calculated using t-

tests with P value < 0.001.

4.3 Nematode inoculation and collection of root tissues

Soybean seeds of TN09-16 and TN09-29 were washed for 30 minutes under running
water and then soaked in 10% bleach for 10 minutes. After this surface sterilization the
seeds were washed again for 30 minutes to remove bleach remnants. The seeds were
then germinated on wet germination paper in dark at 26 degrees for three days. Healthy
looking 3 day old seedlings were selected for nematode inoculation. Freshly hatched
second stage juveniles (J2s) of SCN HG type o0 (race 3) were surface-sterilized and then
suspended in 0.1% sterile agarose solution at a concentration of approximately 500 J2s
per 100 puL. Each seedling was inoculated with about 3000 J2s, by spreading the
nematodes across the whole root of a seedling. Control plants were set up in exact same
way, except mock inoculations were performed using 0.1% (w/v) agarose per seedling.
Control and inoculated plants were arranged in replicates, each containing at least six
plants and maintained in a controlled plant growth chamber at 26°C with 16-h light/8-h
dark conditions as previously described (Rambani et al., 2015). Five days post SCN-
inoculation, roots tissues were collected from both inoculated and non-inoculated
soybean roots in three biologically independent replicates resulting in a total of 12
samples. Successful infection of each replicate was confirmed by examining one-fourth
of the infected seedlings using acid fuschin stain (Daykin and Hussey, 1985). The two
parental lines (Fowler and Anand) were only mock-inoculated in the same experimental
sittings and a total of 6 biologically independent samples were similarly collected five
days later. DNA and RNA were isolated from each sample and used construct methylC-

seq and RNA-seq library.
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4.4 Preparation of methylC-seq libraries

Genomic DNA of the infected and non-infected root samples was extracted using
DNeasy Plant Mini Kit (Qiagen). Whole genome methylC-seq libraries were constructed
as per protocol from Illumina TruSeq Library Prep kit (Illumina, San Diego, CA) with
slight modifications of the bisulfite treatment. Briefly, about 2 pg of genomic DNA
(gDNA) in addition to unmethylated lambda DNA were fragmented using Bioruptor
(Diagenode Inc. USA, Denville, NJ) and then spiked with unmethylated fragmented
lambda DNA (Promega, Madison, WI) that constitutes up to 2% of total concentration.
Fragment size distribution of sheared DNA was verified using the Agilent Bioanalyzer
1000 DNA chip (Agilent Technologies, Santa Clara,CA). DNA fragments were then
ligated to cytosine-methylated adapters (provided by Illumina) and then subjected to
sodium bisulfite treatment using MethylCode™ Bisulfite Conversion Kit (Invitrogen,
Grand Island, NY). DNA fragments between 400 and 500 bp were selected on the
Pippin Prep system (Sage Sciences) and enriched by 10 cycles of PCR as recently
described (Rambani et al., 2015). PCR products were then purified using Agencourt
AMPure XP beads (Beckman Coulter, Inc., Brea, CA) and subsequently enriched using 5
additional PCR cycles according to Illumina’s protocol. The PCR products were purified
once more and library size distribution was examined using the Agilent Bioanalyzer
1000 DNA chip. Finally, the libraries were quantified and sequenced using Illumina

HiSeq 2500 platform.

4.5 Identification of differentially methylated regions and overlapping

genomic regions

Sequencing adapters were trimmed from bisulfite sequencing reads (BS reads) and low
quality reads below phred threshold of 33 were removed using Trimmomatic (Bolger et

al., 2014).Then high quality paired-end reads were aligned to the soybean reference
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genome (Wm82.a2.v1) using bioinfomatic software Bismark with default parameters
(Krueger and Andrews, 2011). Alignment files generated by Bismark were analyzed by
the R bioconductor package methylKit (Akalin et al., 2012) to identify differentially
methylated cytosines. Methylation status at each cytosine covered by at least 10 reads in
the CG, CHG and CHH sequence contexts were calculated. A non-overlapping sliding
window of 200 bp overall the 20 soybean chromosomes was used to identify DMRs with
methylation difference of at least 50%. Significance of differentially hyper- and hypo-
DMRs was determined using g-value less 1% as previously described (Rambani et al.,
2015). DMRs were mapped to various genic regions including prompter (1 kb upstream
of the transcription start site), 5° and 3’ untranslated regions (UTRs), and gene body
(transcribed region) using Bioconductor package rtracklayer in a custom R script
(Lawrence et al., 2009). Methylation cytosine report files generated by Bismark were
used to visualize global methylation levels over protein-coding genes and TEs using
ViewBS package (https://github.com/xie186/ViewBS).

The most recent assembly of soybean genome (Wm82.a2.v1) was released without
annotation of TEs. Thus, sequences of previously annotated and known TEs in soybean
assembly were obtained from SoyTEdb (https://www.soybase.org/soytedb/). The TE
sequences were used to mask the new soybean assembly using RepeatMasker (Smit et
al., 2015) and output file with TE coordinates in the new assembly was created. Then,
overlaps of DMRs with TEs belonging to various families were reported. BED tools
(Quinlan and Hall, 2010) were used to calculate the distance from DMR-associated TEs

to the nearest gene.

4.6 RNA library preparation and transcriptome analysis

mRNA was isolated using magnetic mRNA isolation kit (NEB). NEBnext mRNA library
prep master mix (NEB) was used to build libraries following manufacturer’s protocol.
RNA-seq libraries were sequenced on Illumina Hiseq 2500 platform. Quality of paired-

ended reads was verified with FastQC (version 0.11.4)
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(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter sequences and

low-quality reads were removed using Trimmomatic (version 0.35) (Bolger et al., 2014).
Qualified reads were then mapped to the soybean reference genome (Wm82.a2.v1)
using TOPHAT v.2.0.13 with default parameters (Trapnell et al., 2009). Reads mapped
to multiple loci were discarded and numbers of uniquely mapped reads per gene were
determined using HTSeq (Anders et al., 2015). Counts generated by HTSeq were used to
determine differentially expressed genes using the R bioconductor package edgeR
(Robinson et al., 2010). Genes with false discovery rate less than 0.1 or 0.05 were
considered significantly differentially expressed. Separate count files were generated
using the python-based package QoRTs for counting sequencing reads spanning exons
for every gene (Hartley and Mullikin, 2015).The count files were used with the
bioconductor R package JunctionSeq to determine differentially spliced transcripts
(Hartley and Mullikin, 2016).

4.7 GO terms enrichment analysis

GO terms enrichment analysis of differentially methylated genes and differentially
expressed genes were determined using soybase tools and AgriGO database (Du et al.,
2010). Statistically significant enriched GO terms were calculated using Fisher’s exact
test and Bonferroni multi-test adjustment with a q value less than 0.05. GO terms were
clustered based on semantic similarity to other GO terms in Uniprot database using
REVIGO (Supek et al., 2011).
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Figure 3.1 Comparison of global DNA methylation levels between TN09-16
and TNo09-29 over genes and TEs in various sequence contexts under non-
infected conditions. Global DNA methylation levels over protein-coding genes (A-C)
and TEs (D-F) in the CG, CHG, and CHH sequence contexts. Global methylation is
calculated at base pair level by dividing number of cytosines by total coverage. Promoter
region of 2 kb is divided into 60 bins and methylation is averaged across each bin to be
plotted as a data point on a line graph. The x-axis is methylation level represented
within range from 1-0 and y-axis is the region over which methylation level was

calculated.
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Figure 3.2 Characterization of the differentially methylated regions

between TN09-16 and TN09-29. A-C, Differentially methylated regions overlapping

with protein-coding genes in the CG, CHG, and CHH sequence contexts. D-F,
Differentially methylated regions overlapping with TEs in the CG, CHG, and CHH

sequence contexts.
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Figure 3.3 Functional classification of the differentially methylated and
differentially expressed genes between TN09-16 and TN09-29. A and B: Gene
Ontology enrichment analysis of the differentially methylated genes (A) and
differentially expressed genes (B). C: Venn diagram demonstrating the overlap between
differentially methylated genes and differentially expressed genes. D: Genome browser
image showing DNA hypermethylation in the promoter and gene body regions of
Glyma.09G133900 in TN09-016. The hypermethylation of Glyma.09G133900 was
associated with gene downregulation. Promoter region, 1 kb upstream of ATG, is
highlighted.

104



-25 -56.0 -7.5 -10-12.5

0

-5

3 -4

-2

Gravitropism e
mRNA ex nucleus o
=]
4 Mitotic re.nation .spair s
ng
LA Photon‘ogenesis =4
siRN/‘!uction 5
0 T on Regulation of radial.patlem formation
BN =noe Floral transi
he e.ncmg L N Embryo development
beta-glu 'osynth esis Reciprocal mei mbination
-4 Trichome morphogenesis
Cytoskel organization
Protein N-linked ylation chromatid cohesion
inesis
8 Histone H3-K9 methylation
-8 -4 0 4
O g
=
5 Circadian rhythm g
o
o
. . . s b, o
Ethylene signali 6sponse to jasmonic acid stimulus 8
pathway
cellular signal transduction Growth
Flowering '
REpoise a . Defense response to bacterium
wound response ROS-mediated defense response
-5 Membrane disassembly
Lipid oxidation
-5 0 5
Sl S Glyma.09G133900
ey —— )
% 050l Ee—— 2
Q 050~ ©
3 o2- Il | - R
S 0o Ml u A
T 1.00-
%‘ 0.75- =
2 os0- | | | 3
0.25- —
33307000 33308000 33309000 33310000 33311000

Chr09

DEGs (948 genes)

Figure 3.3 continued

105



2kb

TE-CHH

F
2kb

2k

E
2kb

TE-CG

D
2kb

C Gene-CHH

Gene-CHG

B
2kb

Gene-CG
J
|

A
|
2kb

[9A9] uonelAyiay

TE-CHH
'

15

TE-CHG

K

TE-CG

J

Gene-CHH

Gene-CHG

T =

Gene-CG
\

mmmmmmmmemcm e TS cem -

62-60N.L

[9A3)] uonelAuiay

'
2kb

'
2kb

'
2kb

2kb

2kb

2kb

Infected

Non-infected

Figure 3.4 Comparison of global DNA methylation levels between the

A-F: Global DNA methylation levels

101.

t 5 day post SCN infect

ines a

1
over protein-coding genes (A-C) and TEs (D-F) in infected and non-infected root

isogenic

samples of TN09-16. G-L: Global DNA methylation levels over protein-coding genes (G-

I) and TEs (J-L) in infected and non-infected root samples of TN09-29. Global
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level represented within range from 1-0 and y-axis is region over which methylation

level was calculated.
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Figure 3.5 Specificity and magnitude of DNA methylation changes induced
by SCN in the isogenic lines. A and B: Venn diagrams showing the numbers of
DMRs overlapping with protein-coding genes and TEs in TN09-16 (A) and TN09-29
(B).C: Venn diagram showing 74 DMRs overlapping between those identified in TN09-
16 and TN09-29. D and E: Gene Ontology enrichment analysis of the DMRs-associated
genes identified in TN09-16 (D) and TN09-29 (E). F to K: Methylation level, direction,
sequence contexts, and numbers of the DMRs overlapping with protein-coding genes (F-
H) and TEs (I-K) identified in TN09-16 (blue lines) and TN09-29 (red lines) in response

to infection by soybean cyst nematode.
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Figure 3.6 Association between DNA methylation reprograming during the
susceptible interaction and gene expression changes. A: Gene Ontology
enrichment analysis of the differentially expressed genes identified in the TN09-16 in
response to SCN infection. B and C: Venn diagrams showing the overlaps between the

DMGs, DMTE-associated genes, and DEGs identified in TN09-29 (B) and TN09-16 (C).
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Figure 3.7 Characterization of differential methylation patterns identified
in the isogenic lines that were stably inherited from the parents. A: Heat map
of 50 DMRs showing the methylation patterns in TN09-29 and TN09-16 that were
inherited from the parental lines Fowler and Anand, respectively. B: Example of the
DMEs showing hypermethylation patterns in the susceptible line TN09-16 that were
inherited from the susceptible parent Anand. In contrast, the resistant line TN09-29
and the resistant parent Fowler showed hypomethylation in these regions. C and D:
Proportions for methylation contexts (C) and the overlapping genic features of the 59
DMGs (D).
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Figure 3.7 continued
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Figure 3.8 Identification of novel non-parental DMRs specific to the
susceptible isogenic line. A: Heat map of 56 DMRs showing methylation patterns
specific to TN09-16. B: Example of a DMR overlapping with a protein coding gene
(Glyma.08g157400) and showing methylation patterns specific to TN09-16. The region
was hypermethylated in TN09-16 but hypomethylated in TN09-29 and the parental
lines Fowler and Anand. C and D: Proportions for methylation contexts (C) and
overlapping genic features of the identified 56 DMGs (D). E: Identification of 13
significantly differentially used exons/junctions in the RNA-seq data of TN09-16 versus
TN09-29 under non-infected conditions. The mean normalized coverage of each gene
was plotted against fold change values and 13 significantly differentially used
exons/junctions (red dots) were identified using q value less than 0.1. F: Exon/junction
expression profile for the Glyma.17G149600 gene. The numbers of normalized
sequencing read aligned to each exon or splice junction in TN09-16 (blue) and TN09-29
(red) were obtained from RNA-seq data under non-infected condition and were
displayed as gene profile plot. A gene diagram showing the location of each exon (boxes)
and the predicted junction sites (dashed lines) is included below the plot. One
statistically significantly (q value = 0.0072) used exon is highlighted in pink.
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Figure 3.9 Identification of novel non-parental DMRs specific to the
resistant isogenic line. A: Heat map of 106 DMRs showing methylation patterns
specific to TN09-29. B: Example of a DMR overlapping with a protein coding gene
(Glyma.18g33500) and showing methylation patterns specific to TN09-29. The region
was hypermethylated in TN09-29 but hypomethylated in TN09-16 and the parental
lines Fowler and Anand. C and D: Proportions for methylation contexts (C) and
overlapping genic features of the identified 106 DMGs (D). E. Identification of 11 genes
overlapping between the 107 DMR-associated genes and the previously identified

syncytium DEGs. F: Accession numbers of the 11 overlapping genes.
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Figure S.3.1 Schematic representation of the two single nucleotide polymorphisms
identified in the susceptible line TN09-16 leading to R130P and Y358N amino acid

substitutions.
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Figure S.3.2 Responses of TN09-016, TN09-29, and the parental lines Fowler and
Anand to infection by the soybean cyst nematode race 3 (HG type 0).

The number of cysts was determined five weeks post inoculation. Data from two
experiments (highlighted in red and blue), each with at least 10 plants per line are

shown. Each data point represents the mean of cyst numbers obtained from two plants.
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Figure S.3.3 Mapping DMRs identified between TN09-16 and TN09-29 under non-
infected conditions to various annotated features of protein-coding genes, including

promoter, gene body, and 5’ and 3’'UTRs.
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Figure S.3.4 Mapping DMRs identified between TN09-16 and TN09-29 under non-

infected conditions to various transposon families, including Helitron, TIR, LTR, and

Line.
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Figure S.3.5 Numbers and direction of the DMRs identified in TN09-16 (blue) and

TN09-29 (red) in response to SCN infection and overlapping with protein-coding genes.
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Figure S.3.6 Numbers and direction of the DMRs identified in TN09-16 (blue) and

TN09-29 (red) in response to SCN infection and overlapping with various transposon

families.
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Figure S.3.7 Comparison of global DNA methylation levels between the parental lines
(Anand and fowler) over protein-coding genes (A to C) and TEs (D to F) in various
sequence contexts under non-infected conditions. Global methylation is calculated at
base pair level by dividing number of cytosines by total coverage. Promoter region of 2
kb is divided into 60 bins and methylation is averaged across each bin to be plotted as a
data point on a line graph. The x-axis is methylation level represented within range from

1-0 and y-axis is region over which methylation level was calculated.
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Chapter 4: Identification of differentially methylated
miRNAs during compatible and incompatible
interactions between soybean and soybean cyst
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I designed and performed methods to analyze methylation of miRNA genes from whole
genome methylation data. I built a database from publically available soybean
degradome datasets to find all known validated targets of soybean miRNAs. I conducted
all the steps for validation of miRNA gene in hairy roots except cloning of the gene. I

contributed towards writing the manuscript.
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Abstract

microRNAs (miRNAs) are small 21-22 nt non-coding RNAs that regulate the expression
of their target genes post-transcriptionally. While the function of a number miRNAs in
regulating syncytium transcriptome has been recently elucidated, mechanisms that
control miRNA transcription during nematode infection remain largely unknown. In
this study, the potential implication of DNA methylation in controlling miRNA gene
transcription was examined. DNA methylation changes in promoter and primary
transcript regions of miRNA genes were quantified in susceptible and resistant lines in
response to SCN infection. In the SCN-susceptible lines Williams 82 and TN09-016, 28
and 72 differentially methylated miRNA genes were identified, respectively. Using
computational tools and publically available degradome datasets we identified target
genes for these differentially methylated miRNAs. Although, only 8 miRNAs were
similarly differentially methylated in both lines, these genetically distant lines appear to
impact different miRNA genes with similar regulatory function. In the SCN-resistant
TN09-29 only 14 were identified differentially methylated miRNAs under infection.
Interestingly, many of the identified targets of the differentially methylated miRNAs
were among those previously reported as syncytium differentially expressed genes,
suggesting a regulatory function of syncytium gene expression. Functional validation of
miR9746 through overexpression in hairy roots confirmed its role in facilitating SCN
parasitism. This study is the first to explore the role DNA methylation in regulating
miRNA transcription during SCN infection and provides new insights into the

epigenetic mechanisms controlling miRNA function during SCN-soybean interactions.
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1. Introduction

MicroRNAs (miRNAs) are a class of non-coding small RNAs (smRNAs) that play a
crucial role in the regulation of gene expression at post-transcriptional levels. Initially,
miRNAs were discovered using laborious and time consuming techniques like cloning
(Llave et al., 2002; Sunkar and Zhu, 2004) but gradual advancement of sequencing and
computational technologies has led to discovery of hundreds of miRNA genes in plants
(Song et al., 2011; Shamimuzzaman and Vodkin, 2012; Fang et al., 2013; Hu et al., 2013;
Arikit et al., 2014; Xu et al., 2014; Zhao et al., 2015; Ding et al., 2016; Xu et al., 2016). As
the name suggests, miRNAs are short 21-22 nucleotide non-coding RNA, they are
formed by processing of longer primary transcripts (pri-miRNAs) folded into a hairpin
loop-like structures (Rogers and Chen, 2013). The miRNA genes are transcribed by RNA
polymerase II (Pol IT) and the primary miRNA transcript is stabilized by addition of poly
A tail to the 3’ end. After processing from DCL1, the 3’ terminus of mature miRNA is
methylated by HUA ENHANCER (HEN1) and exported to cytoplasm. In cytoplasm, the
functional strand of the mature miRNA is loaded together with AGO2 protein into the
RNA-induced silencing complex (RISC) to target mRNA transcripts containing perfect
or near perfect complementary sequence for degradation, causing post-transcriptional

silencing (Bartel, 2004).

Methylation of cytosine residue in DNA at regulatory region can alter the function of a
gene without any change at genome sequence level. In plant genome, methylated
cytosine occurs in three different contexts—CG, CHG, and CHH, where H denotes any
base other than guanine (G), the regulatory role of cytosine methylation is context- and
region-dependent (Suzuki and Bird, 2008; Feng et al., 2010). The pioneering studies in
the field of epigenomics were done to understand the role of DNA methylation during
cell differentiation but very soon greater importance of this epigenetic mark in genome
organization and gene expression regulation was realized. Methylation at certain regions
in the genome is important to establish heterochromatic regions and also for delineating
centromeres, it is also a mechanism to keep transposable elements dormant (Law and

Jacobsen, 2010). Such methylation marks involved in genome organization are
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maintained very stably over generations. Environmental stressors are also known to
induce transient non-heritable changes in DNA methylation patterns (Boyko et al.,
2010; Secco et al., 2015; Yong-Villalobos et al., 2015; Wibowo et al., 2016). Stress-
induced DNA methylation may be essential for a variety of reasons, but foremost, it can
alter gene expression levels at a global scale, which is important to elicit a proper coping
mechanism. Global gene expression change is also necessary for successful infection by
phytopathogens.. Methylome changes induced by phytopathogens have been reviewed
in detail (Hewezi et al., 2017); there is a common trend of global DNA hypomethylation
of genome during the susceptible interactions. The hypomethylation response to
pathogen infection is unique to each pathogen and impact specific genes involved in

various biological processes and plant defense.

The interaction between soybean and soybean cyst nematode (SCN, Heterodera
glycines) offers an excellent system to study the methylome changes induced in
response to pathogen. Being an obligate biotroph, sedentary endoparasitic, SCN infects
and establishes a feeding site, called syncytium, in the root tissues without causing
necrosis or cell death. This offers more clarity in recognition of true methylation
patterns associated with plant-pathogen interaction, as cell death response can muddle
the methylation profile of the tissue. SCN is also a notorious pest of soybean crop,
accounting for loss of a billion dollars annually in U.S and there is a dire need to
discover novel mechanisms of resistance in soybean. We built a whole genome DNA
methylation map of Glycine max cv. Williams82 roots undergoing compatible
interaction with SCN to better understand epigenetic dynamics of the process (Rambani
et al., 2015). Infected roots undergo global hypomethylation in all sequence contexts.
More importantly; differential methylation is induced in various genic regions
associated with genes known to be differentially expressed in the syncytium. Differential
methylation in the regulatory promoter region of the genes has an impact on transcript
abundance in the infected root tissues. These results indicate that along with other
mechanisms, DNA methylation also plays an important regulatory role in determining
soybean susceptibility to SCN. To uncover methylation patterns unique to compatible
and incompatible SCN interactions, methylation profiles of resistant and susceptible

near-isogenic soybean lines under SCN infection were compared (Chapter 3). In
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accordance with our previous findings, global hypomethylation in all sequence contexts
was observed in the susceptible line, but interestingly, opposite was observed in the
resistant line. In the resistant line, a global trend of hypermethylation emerged for non-
CG context and little methylation difference was observed in CG context. These findings
further cement the importance of DNA methylation in regulating soybean response to
SCN infection.

The efforts of previous studies exploring pathogen induced methylation changes
whether in soybean or in Arabidopsis have been solely focused on genic and repeat
regions (Dowen et al.,, 2012; Rambani et al., 2015; Hewezi et al.,, 2017). A much
important intergenic feature of the genome, namely, the smaller genes coding for
primary transcripts of miRNAs have not been investigated in this respect. Direct role of
DNA methylation in regulating the expression of miRNAs in cancer cell lines has been
firmly established for many different types of cancers including, for example, colorectal
(Yan et al., 2011), leukemia (Hale et al., 2017), breast (Lehmann, 2014; Pronina et al.,
2017), gastric (Li et al., 2015). Despite the large number of miRNA genes showing
differential expression under various stress conditions (Sunkar et al., 2012), a similar
role of DNA methylation in regulating expression of miRNA genes in defense response
has not been reported in plants. Song et al. recently reported a negative correlation
between DNA methylation of 5° flanking region and miRNA expression during bisexual
flower development in popular (Song et al., 2015). This led to the discovery of key
miRNA genes regulated by DNA methylation during flower development. In this
chapter, we report the first analysis of DNA methylation changes induced specifically in
the promoter of miRNA genes during SCN infection. The possible mechanistic aspects of
SCN resistance conferred by targets of differentially methylated miRNAs were also
investigated. We discovered many potential candidate miRNA genes that are involved in
modulating soybean susceptibility through our differential methylation analysis and
validated the role of one miRNA.
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2. Results

2.1 Identification of differentially methylated miRNA genes in Williams 82
during SCN infection

Soybean epigenome changes significantly during compatible interaction with SCN and
imparts another layer of gene regulation for mechanisms controlling soybean response
to infection (Rambani et al., 2015). To further dissect the basis of this genetic regulation,
we used our previously generated Williams 82 whole genome bisulfite sequence (BS)
data to investigate methylation changes occurring specifically in microRNA genes
during the susceptible interaction with SCN. The genomic coordinates of all known 597
soybean miRNAs were downloaded from miRBase (Release21;

http://www.mirbase.org/). MiRBase coordinates are annotated in Glycine max

assembly version 1 (http://www. phytozome.net/), therefore, all the BS reads were
mapped to the corresponding genome assembly to identify differential methylation.
Promoter was defined as 2 kb upstream of the primary miRNA sequence because
miRNA promoters are known to fall between that range (Monteys et al., 2010) .We
plotted global DNA methylation levels under control and infected conditions at 5 days
post infection (dpi), across the promoter region of all miRNA genes. A trend of global
DNA hypomethylation was observed in the infected root samples compared to non-

infected controls in all methylation sequence contexts (Figure 4.1 A,-C).

To identify differentially methylated miRNA promoter, the 2 kb promoter region was
split into smaller tiles of 500 bp and compared between control and SCN-infected
samples. Using this approach, we identified 28 miRNAs that are significantly (adjusted
p-value < 0.01) differentially methylated (>25% methylation difference) in the
promoters during SCN infection (Figure 4.1b). miRNA gene promoters were
differentially methylated in the CG (46%),CHG (37%) and CHH (17%) contexts. In all
DNA methylation contexts we identified more hypomethylated miRNA promoters than
hypermethylated. In contrast to protein-coding genes, differential methylation in the

primary transcripts of miRNA genes was negligible. Only three miRNAs were found to
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be significantly differentially methylated in their primary transcripts. Two primary
transcripts were hypermethylated in the CHH or CHG context and one was
hypomethylated in the CHG context. Interestingly, none of the miRNA primary
transcripts was detected as differentially methylated in the CG context. For the 31
differentially methylated miRNAs, a total of 140 unique target genes were identified by
computational prediction and searching publically available degradome datasets (Song
et al., 2011; Shamimuzzaman and Vodkin, 2012; Fang et al., 2013; Hu et al., 2013; Arikit
et al., 2014; Xu et al., 2014; Zhao et al., 2015; Ding et al., 2016; Xu et al., 2016). We
computationally predicted 82 target genes for 21 miRNAs using high stringency
parameters. Targets were predicted using plant small RNA analysis server
PSRNATarget, with only one basepair mismatch allowed in the miRNA binding region
(Dai and Zhao, 2011). We could also find 71 validated targets for 19 miRNAs in the
degradome datasets. Only 7 differentially methylated miRNAs do not have any
degradome validated targets in our study and for 5 miRNAs no targets were detected
either computationally or in the degradome datasets. Gene Ontology (GO) classification
and enrichment analysis of all identified target genes was performed using soybase
database. GO terms associated with glucosinate biosynthesis, sugar catabolism, and
transporter proteins, particularly for sulphates and auxin biosynthesis, were
significantly enriched among the 140 target genes (Figure 4.2A and B). There was an
overlap of 23 target genes with differentially-expressed genes in syncytia and these
genes were targeted by 15 unique differentially methylated miRNAs belonging to 12
different miRNA families (Figure 4.2C and D).

2.2 Comparison of differential methylation in miRNA genes during

compatible and incompatible interactions using two near-isogenic lines

Similarly, we identified differentially methylated miRNAs between the near-isogenic
lines TN09-16 and TNo09-29 under infected condition. We utilized our whole
methylome data from the two near-isogenic lines TN09-16 and TN09-29 described in

the previous chapter. These near-isogenic lines are nearly genetically identical but differ
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in their response to SCN infection. TN09-16 is highly susceptible and TN09-29 is
resistant to SCN race 3. All the BS reads from the two lines were mapped to the Glycine
max assembly version 1 to correspond with MiRBase annotation coordinates. We
compared global DNA methylation levels over the promoter (2 kb upstream of the
primary transcript) of all the annotated miRNA genes between the isogenic lines under
infected conditions (Figure 4.3 A-C). Using the same parameters described above, we
discovered a significant number of differentially methylated miRNAs particularly in the
susceptible line TN09-16. While only 15 significantly differentially methylated miRNAs
were identified in the resistant line in response to SCN infection, 72 differentially
methylated miRNAs were identified in the susceptible line. Differential methylation of
the 15 miRNAs identified in the resistant line was found in CG (22%), CHG (50%), and
CHH (28%) with 12 miRNAs hypermethylated and 6 hypomethylated. The differentially
methylated miRNA promoters identified in the susceptible lines were found in CG
(27%), CHG (49%), and CHH (24%), with 46 miRNAs being hypermethylated and 67
hypomethylated (Figure 4.4 A).

More miRNA genes were hypomethylated than hypermethylated in susceptible line
during SCN infection, contrary to resistant line (Figure 4.4 A). This trend arose mainly
due to opposite direction of differential methylation in CHG context. In both lines,
~50% of differentially methylated microRNA genes were in the CHG context and the
majority of these were hypermethylated in the resistant line. Margin of difference
between hyper- and hypomethylation in miRNA genes was much less for CG context in
both lines. Both lines showed higher number of hypomethylated miRNAs in the CHH
context compared to CG and CHG contexts (Figure 4.4 A). Most of the methylation
change occurred in the promoter region for the resistant line; only 1 miRNA out of the
15 was found to be significantly differentially methylated in gene body. In the
susceptible line, however, 26 miRNAs were differentially methylated in gene body, 53 in
promoter, and 7 both in gene body and promoter regions. There were five differentially-
methylated miRNAs that were common to both lists for resistant and susceptible lines
(Figure 4.4 B). Interestingly, 2 out of the 5 common miRNAs had methylation change in
the same direction in both lines, whereas the remaining 3 showed methylation change in

the opposite direction (Figure 4.4 C, D).
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2.3 Identification and functional classification of differentially methylated

miRNA-targeted genes for compatible and incompatible interactions

Potential targets of differentially methylated microRNA during compatible and
incompatible SCN reaction were predicted using the webserver, psRNATarget (Dai and
Zhao, 2011). The targets were predicted with high stringency parameters, therefore
loosely matched targets were dropped. We predicted 297 targets for 62 out of total 72
differentially methylated miRNA in TN09-16 susceptible line and 78 targets for 13 out
of total 15 differentially methylated miRNA in TN09-29 resistant line. Using soybase GO
enrichment tool we discovered 35 significantly enriched GO terms for targets of
differentially methylated microRNA in TN09-16 susceptible line. Twenty-four of 35
were in biological function category broadly falling into processes like cell
differentiation, sulfate transport, amine metabolic process and auxin biosynthesis
(Figure 4.5 A). A total of 12 GO terms were found significantly enriched amongst the
targets of differentially methylated miRNA identified in the resistant line. These GO
terms are related to amine metabolic process, maintenance of apical meristem identity,
root hair cell tip growth, microgametogenesis, seed development and somatic
embroyogenesis (Figure 4.5 B). Amine metabolic process was the only common
enriched GO category to both lines. Differential methylation of microRNA during
compatible and incompatible interactions might affect expression of its target genes. To
explore this aspect, we investigated whether these target genes are known to be
differentially expressed in the syncytium. We found that 40 genes targeted by 18
differentially methylated miRNAs in the susceptible line are among those previously
reported as syncytium differentially expressed genes (Figure 4.6 A). Many of these
genes function as transcription factors containing DNA binding site (Figure 4.6C). In
the resistant line we found 5 target genes targeted by 3 different miRNA families
overlapping with syncytium differentially expressed genes, these target genes were also

mainly transcription factors (Figure 4.6 B, D).
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2.4 Differential methylation of miRNA9746 gene family

In soybean miR9746 exists in a gene family with 9 members located at different
chromosomes. All miR9746 members share the same 21-nt mature sequence. In
addition, 6 members share the primary transcript sequences as well (Figure 4.7 A and
B). Interestingly, four of these six members were found to be differentially methylated in
response to SCN infection in Williams 82. This was the only case where more than one
member from the same gene family was found to be significantly differentially
methylated in our study. Two members, miR9746b and miR9746¢c, were
hypermethylated in the CG and CHG context, respectively. miR9746e was both hyper
and hypomethylated in CG context and miR9746f was hypomethylated in the CHG
context and hypermethylated in CG context. The differentially methylated miR9746
members seem to regulate the expression of genes involved in sugar metabolic
pathways. Three predicted target genes coding for invertase enzymes, and one
additional degradome validated target coding for dihydrolipoamide acetyltransferase

were identified (Figure 4.7 C).

2.5 Overexpression of miRNA9746 in Williams 82 roots induces significant

changes in susceptibility to SCN

The primary transcript sequence of the miR9746f was overexpressed under the control
of a soybean ubiquitin promoter using transgenic hairy root system (Figure 4.7 D). The
transgenic hairy roots were selected with the aid of the green fluorescent protein (GFP).
Empty vector expressing only GFP was used as negative control (Figure 4.7 E). Hairy
roots were induced at high frequency by both vectors and were screened based on
presence of GFP signal. Roots lacking the signal were cleaved off from the plants (Figure
4.7 F&G). Three biological samples were collected from different plants and used to
quantify the overexpression levels of miRA9746f in the transgenic hairy roots using

gPCR. More than 5-fold increase in the expression of miRA9746f was detected in the
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transgenic hairy roots compared to the GFP-control roots (Figure 4.7 H). We next
determined the effect of miRA9746f overexpression on soybean susceptibility to SCN
(race 3) infection. The transgenic hairy roots overexpressing miRA9746f or GFP were
inoculated with about 3000 SCN eggs and 5 weeks post inoculation the number of cysts
were counted and used as a measure to determine plant susceptibility. Data from three
biological replicates, each with at least five plants, revealed a substantial increase of
about 200% in SCN susceptibility of the transgenic hairy roots overexpressing
miRNA9746f compared to control (Figure 4.7 I). This provides strong evidence that
miRNA9746f levels in root tissue modulate plant susceptibility and its expression may
be fine-tuned during SCN infection by gene regulation mechanisms like DNA

methylation.

3. Discussion

MiRNAs are a subclass of hairpin siRNAs that are encoded from endogenous miRNA
genes by RNA Pol II (Lee et al,, 2004). MiRNAs genes exist in the euchromatic
intergenic regions as well as within the intronic regions of annotated genes. MiRNAs
provide a complex post transcriptional gene regulation mechanism and understanding
the factors involved in the regulation of miRNA transcription itself will provide
opportunities to control its function in various developmental and stress conditions. Our
study is the first to report DNA methylation changes in soybean miRNA genes during
SCN infection. We discovered that methylation changes in miRNA genes are similar to
protein coding genes where more differential DNA methylated occurs during the
compatible interaction compared to the incompatible interaction. We analyzed DNA
methylation patterns in miRNA promoter using two SCN susceptible lines (Williams 82
and TN09-16). Surprisingly, methylation changes in microRNA gene promoters were
fairly unique between these two lines. Only 8 miRNA genes were commonly
differentially methylated, suggesting that soybean lines derived from different genetic

backgrounds modulate DNA methylation pathway differently.
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Using the two near isogenic lines, TN09-16 and TN09-29, allowed us to determine
methylation differences between compatible and incompatible reaction during SCN
infection with minimum genetic background effects. Differential DNA methylation in
miRNA promoters differs significantly between the isogenic lines. Our analysis
indicates that in response to SCN infection the susceptible line is more vulnerable to
DNA methylation than the resistant line. While 72 miRNAs were identified as
differentially methylated in the susceptible line, only 15 were found differentially
methylated in the resistant line. Five miRNA genes were differentially methylated in
both lines. Very interestingly, out of these five miRNAs three (mi5032, mi5043 and
mi1520b) were methylated in opposite direction. Mi5043 targets a tetratricopetide-
repeat thioredoxin gene known to be required for abiotic stress tolerance in Arabidopsis
(Lakhssassi et al.,, 2012). mi5043 and mi1520b target genes contain DNA binding
domain, potential transcription factors, suggesting a role in controlling gene
transcription during SCN infection. It may be tentative to speculate that the opposite
regulation of these three miRNAs between the resistant and susceptible lines may

contribute towards their opposite response to nematode infection.

Generally, hypomethylation in promoter region is associated with gene upregulation,
whereas hypermethylation results in gene downregulation. It has been reported in
Arabidopsis and tomato that initial phases of infection are accompanied by
downregulation of miRNAs and but at later stages of infection this trend is reversed
(Hewezi et al., 2008; Zhao et al., 2015; Medina et al., 2017). However, in soybean no
such analysis of miRNA gene expression during early and late stages of SCN infection
was reported. SCN resistance is polygenic (Concibido et al., 2004), and is greatly
affected by genetic background, and SCN HG type, therefore, the impact of hyper-and
hypomethylation of miRNA gene expression is expected to differ from other plant-
nematode pathosystems. Comparing the target genes of the differentially methylated
miRNAs with the previously reported syncytium differentially expressed genes provided
novel insight into a possible role of these miRNAs in regulating syncytium
transcriptomes. Strikingly, we found that the majority of miRNA-targeted genes
overlapping with syncytium differentially expressed genes are transcription factors

(Figure 4.6 D, E). This observation holds true for both susceptible and resistant lines. It
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is well established that miRNAs bring about global transcriptome change during
nematode infection by targeting transcription factors (Hewezi et al., 2008; Hewezi et al.,
2012; Li et al., 2012; Medina et al., 2017; Piya et al.,, 2017). Nearly half of the
differentially methylated miRNA discovered in Williams 82, target a gene known to be
significantly differentially expressed in syncytium (Figure 4.2 D). Some functional
similarity was found amongst these 23 syncytium differentially expressed target genes.
There were 4 different genes coding for F-box domain containing proteins and 4
different genes regulating transport of sulphur, iron and proteins. The remaining genes
fall in categories of cell wall modification, DNA binding, metabolic processes and stress
response. Although, different miRNAs were found to be differentially methylated in
Williams 82 and TN09-16 during the susceptible interactions there was functional
similarity between the target genes of differentially expressed genes miRNAs identified
in Williams 82 and TN09-16. A number of DNA binding transcription factors, Leucine
Rich Repeats (LRR), auxin response factors, sulfur transport genes and genes involved
in sugar metabolism were represented amongst the targets of the differentially
methylated miRNAs detected in both lines. Some of these genes have been reported to
play crucial role in determining plant susceptibility to biotic stress (Hewezi et al., 2014;
Tauzin and Giardina, 2014; Capaldi et al., 2015; Hewezi et al., 2015). Thus, it appears
that the susceptible interaction in various genetic backgrounds is mediated through
manipulation of similar biological processes controlled by different set of differentially
methylated miRNAs.

To determine if differentially methylated miRNAs can modulate susceptibility, we
selected one differentially methylated miRNA in Williams 82, miR9746, for functional
validation using transgenic hairy root system. This miRNA was an ideal candidate for
two reasons. Firstly, four members of the miR9746 gene family showed differential DNA
methylation in both directions in various methylation contexts. Secondly, predicted
and/or confirmed targets of miR9746 included three invertases, which are involved in
sugar metabolism during the initiation of feeding site, and a dihydrolipoamide
acetyltransferase, which found among the syncytium differentially expressed genes. We
observed that over expression of miR9746 in transgenic hairy root increased plants

susceptibility by about 200%. Thus, miR9746 overexpression-mediated downregulation

135



of invertase and dihydrolipoamide acetyltransferase dramatically enhanced SCN
parasitism of soybean. This result is consistent with recent finding showing that
nematode development was greatly enhanced on multiple Arabidopsis mutants of
sucrose-cleaving enzymes, including sucrose synthases and invertases (Herbers et al.,
1996; Hofmann et al., 2009; Bonfig et al., 2010; Hofmann et al., 2010; Cabello et al.,
2013; Tauzin and Giardina, 2014). Invertase and acetyltransferase enzymes catalyze the
breakdown of sucrose and other complex carbohydrate molecule into smaller molecules
like glucose and fructose, which are considered the major source of carbohydrate input
in the syncytium (Hofmann et al., 2009; Cabello et al., 2013). The exact mechanism
through which downregulation of invertase and dihydrolipoamide acetyltransferase
enhance SCN parasitism remains unknown. However, one can speculate that
downregulation of these genes may activate other sucrose synthases and invertases,
leading to augmented sugar pools of trehalose and 1-kestose, which may have beneficial
impacts on nematode development as previously proposed (Hofmann et al., 2009;
Cabello et al., 2013). Another possibility is that downregulation of invertases through
overexpression of miR9746 may inhibit host defense response, leading to successful
nematode parasitism, taking into consideration the role of sucrose signaling in plant
immunity and stress response (Bolouri-Moghaddam et al., 2010; Bonfig et al., 2010;
Tauzin and Giardina, 2014). In support with this possibility, the activity of various plant
invertases was found to be associated with salicylic acid levels, pathogenesis-related
(PR) gene expression, and antioxidant activity (Herbers et al., 1996; Bolouri-

Moghaddam et al., 2010; Bonfig et al., 2010; Tauzin and Giardina, 2014).

In conclusion, our study is the first to investigate methylation changes in miRNA genes
in response to SCN infection in two near isogenic lines and Williams 82. Our analyses
provide novel insight on the epigenetic mechanisms, particularly DNA methylation, that
regulate miRNAs gene expression and subsequently their target genes during SCN
infection. Functional characterization of theses miRNAs, specifically those showing
opposite methylation patterns between the susceptible and resistant interactions will

determine the extent to which these regulatory factors shape SCN-soybean interaction.
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4. Material and Methods

4.1 Plant, nematode and bacterium sources

TN09-16, TN09-25 and ‘Williams 82’ are the three soybean genotypes used in this
project. SCN race 3 was used for inoculation for soybean SCN susceptibility assay.
Agrobacterium rhizogenes strain K599 was used to induce transgenic soybean hairy

roots in Williams 82.

4.2 Differential methylation analysis of miRNA genes

Methodology for generation of bisulfite sequence data for Williams 82 and near isogenic
lines under SCN infection and non-infected condition is described in previous chapters
(2 & 3). Trimmed and cleaned bisulfite sequencing reads were mapped to Glycine max
assembly version 1 (http://www. phytozome.net/) using Bismark (Krueger and
Andrews, 2011). Annotation of miRNA genes in soybean genome was downloaded from

miRBase (Release21; http://www.mirbase.org/) to obtain coordinates of primary

miRNA gene body in soybean genome assembly. The promoter of miRNA was defined 2
kb upstream of primary miRNA start site. R package methylKit was used to perform
differential methylation analysis for miRNA primary transcripts and 2 kb promoter
(Akalin et al., 2012). The 2 kb promoter region was further split into four bins of 500 bp
for accurate detection of differential methylation. MiRNAs were considered significantly
differentially methylated if the methylation difference was greater than 25% with

adjusted p value less than 0.01.
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4.3 Prediction of miRNA targets and their functional analysis

A web-based bioinformatics tool called psRNA Target Server
(http://plantgrn.noble.org/psRNATarget/) was used to identify targets of differentially
methylated miRNAs. Mature miRNA sequences of differentially methylated miRNAs
were matched with sequences from all the annotated soybean genes to search for
complementarity sequences. The alignment was performed with default parameters
allowing only one mismatch in the binding region. An alignment score was calculated
considering miRNA length, penalizing for G:U pairing, opening and extending a gap.
Alignment score of less than 3.0 was considered a good match. The targets of miRNAs
can also be predicted by sequencing degradome. Thus, we complied data from 8
publically available soybean degradome datasets and searched for targets of the
differentially methylated miRNAs (Song et al., 2011; Shamimuzzaman and Vodkin,
2012; Fang et al., 2013; Hu et al., 2013; Arikit et al., 2014; Xu et al., 2014; Zhao et al.,
2015; Ding et al., 2016; Xu et al., 2016). Gene ontology of target genes was determined
using soybase toolshed (https://soybase.org/goslimgraphic_v2/dashboard.php) and
visualized using REVIGO (Supek et al., 2011).

4.4 Cloning of miR9746 gene and construction of binary vectors for root

transformation

The primary transcript of miR9746f was amplified from genomic DNA using primer pair
containing BamHI and Ascl restriction sites. The PCR conditions used were: 94°C for 2
min followed by 35 cycles at 94°C for 30 s, 57°C for 30 s and 72°C for 1 min 30 s and a
final extension at 72°C for 10 min. The PCR product was cloned into pGMET vector
(Promega) and transferred into E. coli. The miRNA9746 gene was spliced from pGMET
vector using restriction enzymes BamHI and Ascl and cloned into the binary vector

pG2RNAi2 under control of Gmubi promoter. pG2RNAi2 contains the green fluorescent
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protein (GFP) under the control of 35S promoter. Both empty pG2RNAi2 vector and
pG2RNAi2 miR9746f were introduced into the K599 strain of A. rhizogenes for

generating transgenic hairy roots

4.5 Generation of transgenic soybean hairy roots

Soybean seeds were surface sterilized with bleach and placed evenly spaced on a sheet of
wet germination paper. Germinated seeds with good length (approx. 10 c¢cm) of roots
were transferred to 18 cell germination tray containing sterile autoclaved vermiculite.
When the cotyledons became green but still unopened, approximately 4-5 days after
transfer, the seedlings were injected with K599 strain of A. rhizogenes transformed with
binary vectors. The K599 strain of A. rhizogenes containing binary vectors was cultured
on LB plates containing 50 mg/mL kanamycin. Approximately, 1 ml of bacterial cell
suspension in distilled water was injected in hypocotyl of soybean seedlings three times
using 3-mL syringe needle. The injected seedlings were allowed to stabilize for one
week and then transferred to single 10 L planting pots containing sterile vermiculite.
The injected plants were grown in growth chamber under white fluorescent bulbs with
cycle of 16h light/8h dark at 26°C. Several transgenic hairy roots emerged from the
injection site within 4-5 weeks. Transgenic hairy roots were washed under tap water and
non-transgenic soybean roots were cut off from the plants. Presence of GFP protein in
transgenic hairy roots was detected using an epifluorescent microscope (Olympus stereo
microscope model SZX12, Olympus America, Center Valley, PA). The filter was set at
470/40 nm excitation and QCapture 2.56 imaging software was used to take images.
Soybean plants with at least three transgenic hairy roots were used SCN susceptibility
assay. Additional transgenic roots were collected and used for RNA isolation and

quantification of miR9746 levels.
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4.6 SCN susceptibility assay

Three replicates, each containing five of control and miR9746 overexpression hairy root
plants, were planted in three separate trays. Each tray was filled up with mixture of
sterile sand soil in equal proportion (1:1). SCN were hatched in a hatching chamber and
approximately 3000 J2s were used to inoculate each plant by adding 1mL of inoculum
in the vicinity of soybean roots. 5-6 weeks post inoculation. All the plants were
harvested and cysts were extracted. Number of cysts per plant were counted and used as

a measure of susceptibility.

4.7 RNA isolation and qPCR quantifications

Total RNA was isolated from the soybean root tissues using NucleoSpin® miRNA
(MACHEREY-NAGEL, Bethlehem, PA) and treated with DNAse I enzyme (Invitrogen)
to remove DNA contamination. First strand of miRNA was synthesized and then
quantified using Mir-X™ miRNA First-Strand Synthesis and SYBR® qRT-PCR kit
(Clone Tech) The forward primer used in qPCR reaction was 5'-
AAAGTGTTTGAATCTCAATTAGATAA-3’ and the reverse primer was mRQ 3’ primer
provided with the kit. Small nuclear RNA U6 was used to normalize miR9746
expression levels. qPCR was run on a QuantStudio 6 Flex Real Time PCR System
(Applied Biosystems) using the following program: 95°C for 3 min; followed by 40
cycles of 95°C for 30 s and 60°C for 30s. The dissociation curves were built by running
following program: 95°C for 15 s and 50°C for 15s, followed by a slow gradient from
50°C to 95°C.
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Appendix

Figure 4.1 Absolute DNA methylation level in three contexts across all
annotated microRNA in Glycine max cv Williams 82 genome under non
infected (CONTROL) and SCN-infected conditions (INFECTED). Global
methylation is calculated at base pair level by dividing number of cytosines by total
coverage. Promoter region of 2 kb is divided into 60 bins and methylation is averaged
across each bin to be plotted as a data point on a line graph. The x-axis is methylation
level represented within range from 1-0 and y-axis is the region over which methylation
level was calculated..(A) Global CG methylation, (B) Global CHG methylation, (C)
Global CHH methylation. (D) Percent differential methylation levels in promoters of 28
miRNAs showing differential methylation levels. Values 0 to 100% are hypermethylated

and values 0 to -100% are hypomethylated.
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Figure 4.2 Functional classification of target genes of differentially
methylated miRNAs during infection in Williams82. (A) Significantly enriched
GO terms in the category of biological processes for target genes of miRNA with
significantly differentially methylated promoter in Glycine max cv williams82 during
SCN compatible interaction. GO terms are clustered based on semantic similarity to
other GO terms in Uniprot database. The size of the circle is proportional to the
abundance of the GO term in our dataset and the color is representative of the log10 of
the GO term p-value obtained from soybase GO enrichment tool (higher p-value is red
and lower value is blue). (B) Summary of annotation of target genes of miRNA with
significantly differentially methylated promoter in williams82 during SCN compatible
interaction. Annotation was available for 120 genes from soybase and 20 genes did not
have any information. Number of genes for each category of annotation is represented
by the length of the bar and the color of the bar indicates the miRNA targeting the gene.
(C) Venn diagram showing the overlap between targets of miRNA with significantly
differentially methylated promoter in williams82 during SCN compatible interaction
(TARGETS) with genes known to be significantly differentially expressed in the
syncytium (DE syncytium). (D) Annotation of 23 genes overlapping with differentially
expressed genes in syncytium and target gene so differentially methylated miRNA in

Williams 82 during infection.
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Figure 4.3 Comparison of global methylation levels between two near
isogenic lines TN09-29 (Resistant) and TN09-16 (Susceptible) in promoter
region of all annotated microRNAs under infected and non-infected
condition. Global methylation is calculated at base pair level by dividing number of
cytosines by total coverage. Promoter region of 2 kb is divided into 60 bins and
methylation is averaged across each bin to be plotted as a data point on a line graph. The
x-axis is methylation level represented within range from 1-0 and y-axis is region over
which methylation level was calculated. (A) Global CG methylation (B) Global CHG
methylation (C) Global CHH methylation. Promoter region is 2kb upstream of gene
start and absolute methylation is calculated at base pair level by dividing number of

cytosine by total coverage.
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Figure 4.4 Differential methylation patterns of the near isogenic lines
TN09-29 (Resistant) and TNo09-16 (Susceptible) in response to SCN
infection. (A) Number of hyper- and hypomethylated microRNAs under SCN infection
in CG, CHG, CHH methylation contexts (B) Venn diagram showing the Overlap
between the differentially methylated miRNAs identified in TN09-29 (TN09-16 (SUS)
under SCN infection. (C) Comparison of absolute methylation levels of of gma-
MIR5032 under SCN infection in the isogenic lines. (D) Differential methylation levels

for five miRNAs showing differential methylation in both lines.
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Figure 4.5 Functional classification of target genes of miRNAs during
infection for compatible and incompatible interaction. (A) Significantly
enriched GO terms of target genes of differentially methylated miRNAs identified in the
susceptible line (TN09-16) and resistant line (TN09-29) (B). GO terms were clustered
based on semantic similarity to other GO terms in Uniprot database. The size of the
circle is proportional to the abundance of the GO term in our dataset and the color is
representative of the logio of the GO term p-value obtained from soybase GO

enrichment tool (higher p-value is red and lower value is blue).
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Figure 4.6 Overlap between genes differentially expressed in syncytium and
target genes of miRNAs differentially methylated during compatible and
incompatible interactions with soybean cyst nematode. (A) Overlap between
syncytium differentially expressed genes and target genes of significantly differentially
methylated miRNAs identified in TN09-16 (A) or TN09-29 (B) in response to SCN
infection. (C) Annotation of the overlapping genes identified in TN09-16 (C) or TN09-

29 (D).
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Figure 4.7 Functional validation of miR9746 with hairy root assay. (A)
Phylogenetic distance tree based on primary sequence similarity between members of
miR9746 gene family, six out of nine are zero distance apart. (B) Multiple sequence
alignment of primary sequences of differentially methylated members of miR9746 gene
family, gma-miR9746(b, c ,e, and f). All the members of miRg746gene family have the
same mature miRNA sequence. (C) Targets of miR9746 predicted based on alignment
of longest gene transcript with mature miRNA sequence, using psRNAtarget prediction
tool. (D) Schematic representation of the construct used for co-expression of green
fluorescent protein (GFP) reporter gene and miR9746f. (E) Schematic representation of
the construct used as control for overexpression of green fluorescent protein (GFP)
reporter gene. (F and G). GFP-positive transgenic hairy roots under bright field (F)
under GFP filter (G). (H) Expression levels of miR9746f in three biological replicates of
transgenic hairy roots overexpressing miR9746f, ‘Control’ represents expression levels
in transgenic hairy roots generated using control vector containing GFP marker but not
miR9746f gene. qRT-PCR was performed with miRNA9746f specific primers and gene
expression values were normalized using soybean ubiquitin 3 gene (GmUBI3). The level
of miR9746f expression in the ‘Control’ transgenic hairy root was arbitrarily set at 1.0.
(I) Female index of miR9746f overexpressing roots relative to transgenic control roots
overexpressing GFP. Data represent average number of cysts obtained from three

biological replicates each with 5 plants + SE.
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This thesis summarizes projects undertaken to elucidate global DNA methylation
changes in soybean as a response to SCN infection. Several experimental and
computational approaches were used to achieve this goal. I helped design experiments
for generating bisulfite sequence and RNA sequence data from control and infected
whole root tissue. I developed a straight forward bioinformatics pipeline for comparison
and analysis of whole genome methylation. More specifically, I optimized ideal tile size
and sliding window for comparing two methylomes. Methylation of transposable
elements in soybean could only be identified after annotation of TEs in the new soybean
assembly (Wm82.a2.v1). I developed a methodology for annotating TEs in the new
assembly using available soybean TE sequence information from previous assemblies. I
built a database with TE annotation, TE coordinates and TE distance from genes for the
latest version of soybean assembly (Wm82.a2.vi). In order to identify targets of
differentially methylated miRNAs, I computationally predicted targets of all annotated
miRNAs in soybean genome. I combined 8 publically available soybean degradome

datasets to build a database containing all validated targets of soybean miRNAs.

Our analysis of DNA methylation patterns in the SCN-susceptible cultivar Williams 82
provided the first insight into the role of this important epigenetic mark in regulating
gene expression during the compatible interaction between SCN and soybean. Our
analysis revealed that loss of DNA methylation occurs to a much higher level than gain
of DNA methylation. A recent study of root methylome in Arabidopsis infected with beet
cyst nematode, a closely related nematode species to SCN, also showed about 3 folds
increase in hypomethylation levels in various sequence contexts relative to
hypermethylation (Hewezi et al., 2017). Other plant pathogens including bacteria, fungi
and the symbiotic bacteria, Rhizobia, also induce hypomethylation more than
hypermethylation during the interaction with their host plants (Dowen et al., 2012;
Lopez Sanchez et al., 2016; Satgé et al., 2016).While hypomethylation seems to be a
common feature of plant susceptible response to various pathogens, it should be noted
that each pathosystem impacts distinct set of genes involved in various cellular
processes suited for the nature of the interaction. For example, genes with defense-
related functions constitute the main component of the hypomethylated genes during

plant-bacterium interactions. In our analysis, we found that hypomethylation impacted
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genes involved in various biological processes including cell wall modifications, cellular
differentiation, cytoskeleton rearrangement, phytohormone and developmental

signaling, epigenetic modifications, gene regulation, and ubiquitination.

One of the main signatures of the soybean methylome induced by SCN infection is the
enrichment of CHH and CHG methylation in gene body. This is the contrary to the
results reported in other pathosystems where differential DNA methylation in gene body
regions occurs mainly in the CG context (Dowen et al., 2012; Yu et al., 2013; Lopez
Sanchez et al., 2016). Future studies investigating DNA methylation patterns in
response to various biotic and abiotic stress treatments will reveal the extent to which
non-CG methylation in the transcribed gene region is unique to SCN infection. Also,
investigating the impact of various biotic and abiotic stress factors on soybean
methylome will be fundamental to identify common and unique signatures of epigenetic
modifications associated with these stress factors. Identifying these epigenetic
signatures is the first step towards including epigenetic selection in breeding programs,

specifically for agronomic traits with limited genic variations.

The identification of thousands of differentially methylated regions in SCN-infected
roots is very interesting and surprising taking into consideration that SCN infection sites
(syncytia) represent a very small faction of the root samples used for DNA methylation
analysis. This finding underscores the ability of SCN to induce differential DNA
methylation in a systemic fashion in root cells that are far from the infection sites. While
the molecular mechanism underlying the systemic epigenetic modifications remain
elusive, this process may involve epigenetically controlled mobile siRNAs. Consistent
with this suggestion, the abundance of siRNAs, specifically the 24-nt siRNA class, was
found to associate with the levels of DNA methylation in Arabidopsis roots infected with
the sugar beet cyst nematode Heterodera schachtii (Hewezi et al., 2017). Epigenetically
controlled mobile siRNAs have been previously described in pollen (Slotkin et al.,

2009).

One of the major challenges in epigenetic studies is to define whether variations

associated with specific phenotypes are due to epigenetic or to genetic variations. Our
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Comparison of the methylomes of the resistant and susceptible interactions was
facilitated by using highly genetically identical NILs differing in Rhg4 locus and show
opposite responses to SCN infection. This study is the first to compare DNA methylation
profiles between the compatible and incompatible interactions in any pathosystem. This
analysis provided not only unprecedented insight insights into the biochemical basis of
Rhg4 function in SCN resistance but also revealed the differences in the levels and
direction of DNA methylation during the resistant and susceptible interactions of
soybean with SCN. The NILs showed not only substantial differences in the level of DNA
methylation but also in the direction of DNA methylation. While 50,040 DMRs were
identified in the susceptible line in response to SCN infection, only 5,080 DMRs were
identified in the resistant lines. Also, loss of DNA methylation was found more
dominant than gain of DNA methylation in the susceptible line, but the opposite trend
was observed in the resistant line. It remains to be determined whether this contrasted

pattern of DNA methylation is conserved in other pathosystems.

We also found that DNA methylation reprograming contributes to gene expression
changes in the susceptible line and to a much lesser extend in the resistant line. This
could be explained by the differences in the biological processes associated with
susceptible and resistant responses. Another striking finding of our analysis is the
identification of heritable as well as novel non-parental DMRs in genes with functions
related to SCN parasitism of soybean. We identified 56 and 106 novel non-parental
DMRs unique to the susceptible and resistant line, respectively. The biological
significance of the newly acquired DNA methylation patterns in these lines remains to
be determined. Overexpressing these DMR-associated genes in the isogenic lines using
transgenic soybean hairy root system will be necessary to reveal their function in SCN
resistance/susceptibility. Also, we identified 59 DMRs with differential methylation
patterns that were stably inherited from the parents. The methylation differences of
these 59 regions between the isogenic lines and the stability of these patterns over 13
generations suggest a role in SCN-soybean interaction, specifically a number of these
DMR-associated genes have been previously identified among the syncytium

differentially expressed genes.
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Because various components of epigenetic mechanisms are mutually interconnected
(Zilberman et al.,, 2008; Cedar and Bergman, 2009; Du et al., 2015), we examined
whether DNA methylation occurs in miRNA genes, particularly the promoter region. A
significant number of differentially methylated miRNA genes was identified in the SCN-
susceptible lines Williams 82 and TN09-016. We found that the target genes of these
miRNAs in Williams 82 and TN09-016 share functional similarity despite only 8 miRNA
genes were similarly differentially methylated in both lines. Thus, it seems that during
the susceptible interaction SCN induces differential DNA methylation in genetically
distant lines that impact different miRNA genes with similar regulatory function.
Similar to protein-coding genes and transposable elements, our analysis revealed that
miRNA genes in the susceptible line are more vulnerable to DNA methylation than the
resistant line. While 72 miRNAs were identified as differentially methylated in the
susceptible line, only 14 were found in the resistant line. These differentially miRNAs
seem to play role in soybean-SCN interaction as many of their targets overlap with our

list of syncytium differentially expressed genes.

Functional validation of one (miR9746) of these miRNAs through overexpression in
hairy root proved to be necessary for successful SCN parasitism. Remarkably,
differential DNA methylation in the primary transcript regions of miRNA genes was
detected, specifically in the susceptible lines. Though DNA methylation in promoter
region can influence miRNA expression, the significance of DNA methylation in
transcribed regions is currently unknown. However, DNA methylation in the primary
transcript regions of miRNA genes may prevent transposon insertion and aberrant
transcription. In future studies, it would be interesting to determine whether differential
DNA methylation in the primary transcript regions is a hallmark of actively transcribed
miRNA genes and how this epigenetic mark mediates transcriptional activation or
repression of miRNA genes. Collectively, our analysis of DNA methylation at genome
level during the susceptible and resistant interactions revealed a key role of this
important epigenetic mark in shaping the interaction between soybean and SCN by
impacting the expression of high number of protein-coding and miRNA genes as well as

transposable elements, specifically those located near genes.
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