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ABSTRACT OF THE DISSERTATION

Small RNA Regulation During Phytophthora sojae Infection in Soybean

by

James Tac Wong

Doctor of Philosophy, Graduate Program in Cell, Molecular and Developmental Biology
University of California, Riverside, December 2013
Dr. Wenbo Ma, Chairperson

Plant endogenous small RNA pathways generate non-coding regulatory RNAs
that regulate gene expression through target mRNA cleavage, trandation inhibition or
chromosomal modifications. Regulation of small RNAs and their targets during pathogen
infection is tightly controlled to promote defensive mechanisms against disease
progression. The oomycete pathogen, Phytophthora sojae is a principal infectious agent
of soybean. To date, there islimited information on small RNAs that regul ate defense
responsive genes against P. sojae.

Infection response in plantsis evidently regulated in part by small RNAs. High-
throughput sequencing of small RNA libraries constructed from P. sojae-infected and
mock-infected soybean roots and subsequent computational analysis revealed

approximately 324 known soybean miRNAs and 109 potential novel soybean miRNAs

vi



that differentially accumulate between the P. sojae-infected and mock-infected samples.
Of these, 8 conserved miRNAs and 2 novel miRNAs were verified by Northern blot
analysis. Targets of the miRNAs displayed abundance changes respective to their
complementary miRNA’s levels.

The down-regulation of the conserved miR393 by target mimicry pointsto a
positive regulatory role for miR393 during pathogen response. In addition, we noted the
induction of miRNA-directed expression of phasiRNAs from multiple NB-LRR loci.
These results indicate a pool of miRNASs specific in responding to P. sojae infection.
Our study identified multiple conserved and novel soybean miRNAs with potential
defensive roles against P. sojae. Our data demonstrates that plant response to pathogen
infection is complex and multi-layered. Further study of small RNAs involved in defense

regulation may contribute to combating Phytophthora diseases.
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CHAPTER 1. SMALL RNASTHAT ARE DIFFERENTIALLY
ACCUMULATED IN SOYBEAN ROOTS DURING INFECTION BY

PHYTOPHTHORA SOJAE

1.1 ABSTRACT

Oomycetes are a diverse group of eukaryotic organisms, of which many are
pervasive plant pathogens that cause economically significant diseases worldwide. In
particular, Phytophthora spp. are plant destroyers that cause billions of dollars of
annual loss worldwide. However, our understanding of the pathogenesis of
Phytophthora diseases is rather limited. My research aims to investigate the role of
small RNAs in soybean in response to infection by Phytophthora sojae, which is
second most devastating soybean pathogen and causes the severe root and stem rot
disease. Plants produce two classes of small RNAs, microRNA (miRNA) and small
interfering RNA (siRNA), that regulate important processes including devel opment
and immunity. Currently very few studies have investigated small RNA expressionin
plants during Phytophthora infection. By analyzing the small RNA population at the
early stage of infection in soybean roots, | identified eight known and two novel
miRNAs that are differentially expressed upon P. sojae infection. These miRNAs
directly target genes regulating resistance and hormone signaling, which may play a
role in plant immunity. This research provides greater understanding of the gene
expression and metabolic changes regulated by miRNAs that occur during pathogen

infection.



1.2 INTRODUCTION

1.2.1 Oomycete plant pathogens

The Oomycete lineage is comprised of filamentous eukaryotic microorganisms,
many of which are plant pathogens. Although morphologically similar to fungi,
molecular and biochemical data confirmed that the Oomycetes are in the
Stramenopiles phylum and closely related to brown algae and diatoms (Baldauf, 2000;
Haas et al., 2009). Among the Oomycetes, there are more than 90 Phytophthora
species that cause disease in plants. Phytophthora species are some of the most

destructive hemibiotrophic plant pathogens.

The economic damage generated by Phytophthora is estimated in the tens of
billions of dollars per year, including cost for loss of crops and ornamental plants and
methods to control the diseases (Erwin and Ribeiro, 1996; Wrather and Koenning,
2006). The most well-studied Phytophthora is Phytophthora infestans, the causal
agent of late blight in potatoes and tomatoes (Birch and Whisson, 2001; Haas et al.,
2009). P. infestans is renowned as the cause of the Irish Potato Famine. The
devastation resulted in drastic social, economica and agricultural changes including
the loss of approximately 1.5 million lives and mass emigration of much of Ireland’s
population (Ristaino, 2002). Importantly, Phytophthora diseases remain difficult to

control dueto alack of understanding on their modes of pathogenesis.

The infection cycle of Phytophthora species begins when motile zoospores encyst
and germinate on the plant host surface. The germinated hyphae penetrate into the

plant tissue and colonize the intercellular space. Feeding structures called haustoria



are then formed, which facilitate infection and disease progression (Hardham, 2001)
(Figure 1.1). During this biotrophic infection stage, Phytophthora secretes effector
proteins from the haustoria to suppress host immunity and lives together with the host.
Phytophthora are hemibiotrophic pathogens. Following the biotrophic infection stage,
the infection enters the necrotrophic stage, which is hallmarked by the death of the
infected plant cells and the appearance of disease symptoms. After host tissue
degradation, reproductive structures called sporangia are formed and zoospores are

released to start the next infection cycle.

Some Phytophthora have a wide range of hosts, for example Phytophthora
ramorum has gained notoriety for the death of thousands of oak and tanoak trees in
California and Oregon, but can also infect many other ornamental plant families.
Phytophthora capsici is the most broad range pathogen, capable of infecting hostsin
the Cucurbitaceae, Fabaceae and Solanaceae families (Hausbeck and Lamour, 2004).
Phytophthora sojae, however, has a narrow host range and primarily infects soybean.
P. sojae is the causal agent of soybean root and stem rot disease. Following
encystment on root tissue, P. sojae enters a biotrophic growth phase, during which
hyphae penetrate into the root cortex and form haustorial structures that import
nutrients and export virulence proteinsto aid in disease development. Late biotrophic
phase is recognized by P. sojae colonization in the root vascular tissue and
development of reproductive structures. Necrotrophic growth istypified by
extracellular and intracellular damage. After host tissue degradation, P. sojae mycelia
and reproductive spores are released to continue its life cycle. (Dorrance et al., 2008;

Qutob et al., 2000; Thomas et al., 2007; Tyler, 2007).



Figure 1.1 Phytophthora sojae disease cycle. P. sojae formation of sporangia
produces zoospores that are released into the soil during wet conditions. Infection of
root by a zoospore leads to encystment and appressorium formation on the root
surface. Biotrophic phase follows hyphae growth, direct penetration into root cortex
followed by haustoria formation and col onization. Necrotrophic phase exhibits root
tissue damage, wilting, chlorosis and plant death. Oospores produced in the infected
tissues are released into the soil to infect additional plants. (Adapted from

Www.apsnet.org)
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1.2.2 Small RNAs are essential regulatorsin plants

The discovery of small RNAs as genomic regulatory mechanisms has
profoundly altered our understanding of the complexity of cellular regulatory
pathways. Small RNAs are non-coding short RNA species that are produced by
eukaryotic organisms. Small RNAs mediate silencing of genes in a sequence-specific
manner. Initially discovered in plants as co-suppressors of transgene expression
(Napoli et a., 1990) and later identified to be antisense RNA that function in post-
transcriptional gene silencing (PTGS) (Hamilton and Baulcombe, 1999), we now
know small RNAs have essential regulatory roles in many endogenous plant
processes including development, metabolism, and responses to biotic and abiotic
stresses (Bartel, 2004; Ghildiyal and Zamore, 2009; Khraiwesh et al., 2010; Kulcheski
et a., 2011; Malory and Vaucheret, 2006; Padmanabhan et al., 2009; Ruiz-Ferrer and
Voinnet, 2009; Sunkar, 2010; Voinnet, 2009). Plants produce two main classes of
endogenous small RNAs, microRNAs (miRNAS) and small interfering RNAs
(SRNAs) (Figure 1.2). They are generated from double stranded RNAs (dsRNAS)
precursors, which are processed by DICER-LIKE (DCL) proteinsinto mature small
RNAs. Small RNAS repress gene expression through complementary base pairing
with the target transcripts, resulting in degradation of transcripts and/or translational
repression (Ambros, 2004; Bartel, 2009; Cai et al., 2009; Hamilton et a., 2002;
Voinnet, 2009). In addition to post-transcriptiona gene silencing, SRNAs can also
induce epigenetic modifications of the chromatins, leading to transcriptional gene
silencing (TGS) (Robert-Seilaniantz et al., 2011; Zhai et al., 2011). Both miRNA and

siIRNA have been implicated in regulating plant defense.



Figure 1.2 Three distinct endogenous small RNA pathways. (Adapted from Chen.,

2010)

(a) The biogenesis of amicroRNA (miRNA) begins when a primary miRNA (pri-
mMiRNA) is processed into a pre-miRNA and then processed into a miRNA/miRNA*
duplex. The duplex undergoes methylamine by the small RNA methyltransferases
HEN1. One miRNA strand is bound by AGOL to form the RISC complex. Mature

miRNAs are turned over by the SDN1 family of small RNA exonucleases.

(b) The biogenesis of trans-acting small interfering RNASs (ta-siRNAS). A non-coding
ta-siRNA-generating sequence (TAS) istranscribed into a single stranded RNA,
which istargeted by amiRNA for cleavage. Following cleavage, one of the fragments
acts as atemplate for the synthesis of double-stranded RNA (dsRNA) by RDR6. The
dsRNA is processed into phased sSIRNAs by DCL4. Similar to miRNASs, some of the

siRNAs are bound by AGO1 and regulate other mRNASs in trans.

(c) Biogenesis and function of heterochromatic SRNAs. A heterochromatic region is
transcribed by Pol 1V into asingle stranded RNA, which is used to generate dsRNA
by RDR2. The dsRNA is processed into 24-nt SSIRNAs and are bound by AGO4. The
AGO4/siRNA complex is recruited to a homologous genetic locus by RNA Pol V
generated transcripts. DNA and histone modification complexes induce

heterochromatin formation of the locus.






miRNA biogenesis

miRNAs are encoded in plant genomes as MIR genes. The primary miRNA
transcripts (pri-miRNA) are produced by RNA polymerase |1 and can extend up to 2
kilobases in length. pri-miRNAs form a characteristic hairpin structure, which is
subsequently processed by the DICER-LIKE 1 (DCL1) protein complex into dsSRNA
duplexes and then methylated by HUA ENHANCER 1 (HEN1) in the nucleus (Lee et
al., 2004; Park et a., 2002; Yang et a., 2006; Yu et a., 2005). The methylated
mMiRNA duplexes are exported to the cytoplasm by an exportin homolog, HASTY
(HST). Mature miRNAS, usually 18-22 nt in length, are incorporated into the RNA-
Induced Silencing Complex (RISC) by binding to the ARGONAUTE 1 (AGO1)
protein, which guides the recruitment of target gene transcripts for degradation and/or

tranglational repression (Bartel, 2004; Baulcombe, 2004; Chen, 2009).

miRNASs play central roles in regulating development, reproduction, and stress
responses. A large number (hundreds to thousands) of miRNAs have been identified
in the model plant Arabidopsis thaliana and other agriculturally important plant
species, including maize, rice, tomato, tobacco, wheat, oranges, grapes, peanuts and
soybean. Some miRNAs are conserved in different plant species; others are species-
specific (Axtell and Bartel, 2005; Rhoades et al., 2002; Zhang et al., 2007). Thanks to
the advent of high-throughput sequencing and the completion of whole genome
sequences, there are rapid discoveries of new miRNAS. The recent release from the
MiRNA database, miRBASE 19 (www.miRBASE.org), contains over 25,000 mature

mMiRNAs sequences from 193 species, reflecting an increase of approximately 4000



new miRNAs within the past ten months. However, further characterization of the

conserved and newly identified miRNAS has progressed slowly.

siRNA biogenesis

siRNAs, ranging in length from 21-30 nt, are derived from invading nucleic
acids such as viruses and transgenes, and from endogenous loci such as repeats,
transposable elements, and genes (Baulcombe, 2004; Diaz-Pendon et a., 2007;
Mallory and Vaucheret, 2006; Padmanabhan et al., 2009; Plasterk, 2006; V oinnet,
2009). Endogenous plant siRNAs originate from dsRNA precursors generated by
cellular RNA dependent RNA polymerases (RDRs) and are further processed by
DICER complexes to produce SRNA duplexes (Baulcombe, 2004; Cerutti and Casas-
Mollano, 2006; Chellappan and Jin, 2009; Mallory and Vaucheret, 2006; Xieet al.,
2004; Zhang et a., 2012). Maor endogenous siRNAs include the 21 nt trans-acting
siRNAS (ta-siRNASs) and the 24 nt heterochromatic SSIRNAs (hc-siRNAS) (Bartel,
2004; Chen, 2009), both of which function to silence gene expression either through

the RISC complexes or by inducing DNA methylation,

Ta-siRNAs are a small fraction of secondary ssRNAs generated from
transcripts that are targeted by specific miRNAs (Allen et al., 2005; Axtell et d.,
2006; Bartel, 2005; Cuperus et a., 2010). In Arabidopsis, miRNAs trigger the
cleavage of TAS transcripts through the endonucleolytic (slicer) activity of AGOL1 or
AGQO7, and the cleavage fragments then serve as templates to produce dsRNAs
through the activities of RDR6 (Cuperus et al., 2010; Howell et al., 2007; Qu et al.,

2008). The produced dsRNAs are further processed to produce siRNAs by DCL 4.

10



These RDR6-dependent siRNAs can regulate target genesjust like miRNAS, but they
can silence other genes in trans based on sequence homology and are therefore called

trans acting SRNAs.

The previous definition for ta-siIRNAs was very stringent by referring to
secondary sSIRNAs produced from asmall number of known TASloci in Arabidopsis
(Axtell et al., 2006; Chen et a., 2007; Howell et al., 2007). However, recent analyses
of small RNA sequencing data uncovered hundreds of loci in various plants that
produce secondary SsIRNAs from miRNA target transcripts, similar to ta-sSiRNAs
(McHaleet al., 2013; Zhai et al., 2011). These small RNAs are referred as phased
SiRNAS, or phasiRNAS, because they are in 21 nt register from one another. In
particular, 21 nt phasiRNAs have been shown to regulate canonical plant resi stance
(R) genes that contain the nucleotide binding leucine-rich repeat (NB-LRR) domains
(Cuperus et al., 2010; McHale et al., 2013; Robert-Seilaniantz et al., 2011; Zhai et al.,

2011). Therefore, phasiRNAs might be important regulators of plant defense.

1.2.3 Small RNA-mediated plant defense against pathogen infection

Virusinduced small RNAs

Small RNA-mediated resistance is best-studied as the primary defense
mechanism against RNA virusesin plants and animals (Li et a., 2013). Initially
described as a post-transcriptional gene silencing (PTGS) mechanism, small RNAs
were observed to accumulated in plants during viral infections (Hamilton and
Baulcombe, 1999; Szittya et al., 2002). The elevated small RNA levels corresponded

to reduced viral titers and transient immunity to subsequent infections by the same

11



virus (Li and Ding, 2001; Ratcliff et al., 1997; Szittya et al., 2002). It is now well
documented that virus-infected host cells generate sSIRNAs from the double-stranded
viral RNAs as precursors. These SRNAs then induce the cleavage of the viral RNA,
thereby limiting viral infections. (Baulcombe, 2004; Chen, 2009; Ding and V oinnet,
2007). Recently, He et al., demonstrated Brassica rapa miR1885 was induced by
Turnip mosaic virus (TMV) infection (He et a., 2008). This result suggests that both

miRNA and siRNA play essentia rolesin anti-viral immunity in plants.

Bacteria induced small RNAs

mMiRNA expression changes have been shown to occur during bacterial, fungal
and oomycete infection (Chen, 2009; Guo et al., 2011; Lu et a., 2007; Navarro, 2006;
Ruiz-Ferrer and Voinnet, 2009). Arabidopsis thaliana infected by the bacterial
pathogen Pseudomonas syringae exhibits increased expression of miRNAS that target
phytohormone pathways including auxin, asbscisic acid and jasmonates (Fahlgren et
a., 2007; Navarro, 2006; Zhang et al., 2011). In particular, the bacterial flagellin
(f1g22) induces the conserved miRNA miR393, which represses the expression of
auxin receptor genes TIR1, AFB2 and AFB2 (Navarro et al., 2006; Parry et a., 2009;
Si-Ammour et al., 2011). Over-expression of mMiR393 in Arabidopsis leads to
enhanced resistance to bacteriainfection (Navarro et al., 2006), suggesting that
miR393 is a positive regulator of plant basal defense. The endogenous siRNA, nat-
SIRNAATGB?2, isderived from a pair of natural antisense transcripts within a Rab2-
like GTP-binding protein (ATGB2) gene and a Pentaticopeptide repeat protein-like
(PPRL) gene. Nat-ssRNAATGB?2 is specifically induced in Arabidopsis by the type

I11 effector AvrRpt2 of P. syringae and regulates AvrRpt2-triggered hypersensitive

12



response (HR) (Katiyar-Agarwal et al., 2006). Taken together, it is evident that small
RNAs have important roles in the regulation of plant defense against bacterial

pathogens.

Small RNAsinduced by fungal pathogens

Small RNA-mediated gene regulation is also employed in plants during
infection by eukaryotic pathogens such as fungi. Arabidopsis Suppressor of Gene
Slencing (sgs) mutants have a defect in the RNA silencing machinery, and exhibit
susceptibility to Verticillium infection (Ellendorff et al., 2009), suggesting that certain
endogenous small RNAs play positive rolesin plant defense. The destructive fungal
pathogen, Cronartium quercuum, induced changes in miRNAs of lablolly pine (Pinus
taeda). 10 miRNA families that potentially target transcription factors, auxin
signaling factors and resistance genes were found to be suppressed in the galled stems
induced by the pathogen (Lu et al., 2007). In addition, levels of the target transcripts
of these repressed miRNAs were increased in the tissue above the gall s, suggesting
the miRNA changes in the infected region may stimulate immunization of the

surrounding tissues (Lu et al., 2007).

Small RNA changes induced by Phytophthora

Infection by Phytopthora has a so been reported to induce small RNA changes
in the host. MIRNA microarray analyses in soybean infected with P. sojae revealed 42
miRNAs that showed differentially accumulation (Guo et al., 2011). Of particular
interest, miRNAs regulating resistant genes, such as miR482, miR1507, miR1508 and

miR1510, were shown to be differentially expressed in the infected tissue (Guo,

13



2011). Furthermore, a recent study on miR482 in Solanaceae plants suggests that
miR482 regulates R genes that confer resistance to P. infestans (Li et al., 2012).
However, genome-wide analyses of small RNA profiling in plants during

Phytophthora infection has not been conducted.

1.2.4 Pathogen effectorstarget host small RNA biogenesis

Effectors are essential virulence proteins

Microbia pathogens have numerous mechanismsto facilitate infection. One
important strategy is the secretion of virulence proteins, called effectors, that
suppresses host defense. Many effectors can enter the host cells and directly target
their specific substratesin order to modulate host response. The arms race between
plants and pathogens have driven plants to evolve resistance (R) genes that are able to
directly or indirectly recognize specific effectors and trigger arapid and localized
programmed cell death, also known as a hypersensitive response (HR) (Greenberg,
1997; Jones and Dangl, 2006). The effectors that can trigger HR are designated
avirulence factors (Avr). Thus far, the molecular basis of the virulence function as
well as the HR-triggering activity of a mgority of these cytoplasmic effectors in

planta remains unknown.

Because of their essential role in disease devel opment, extensive research has
been conducted to identify effector genes and to understand the molecular
mechanisms underlying their functionality. The best studied effectors are the type I11
effectors (T3E) that are secreted through the specialized protein secretion apparatus

type 11 secretion system (T3SS) of Gram negative bacteria. Numerous studies have
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revealed that the fundamental function of T3Es isto weaken host resistance by
targeting a variety of host processes including the defense signaling pathway, defense
hormone production and signaling, and antimicrobial compound production and

secretion (Alfano and Collmer, 2004; Galan and Wolf-Watz, 2006).

An extraordinarily large repertoire of effectors has been identified in
Phytophthora, compared to bacterial pathogens, which typically produce 20-40 T3Es.
Genome sequence analyses of Phytophthora spp. suggests that these eukaryotic
pathogens produce hundreds of effectors. Sequence analyses of Phytophthora
effectors revealed two motifs at the N-termini - a Sec secretion signal, which allows
them to be secreted from the haustoria to the extra-haustoria space, and a host-
targeting motif, which directs the translocation of the secreted effectorsinto host cells.
Similar to bacterial T3Es, Phytophthora effectors are also believed to mainly function
to suppress plant defense (Boset d., 2010; Jiang et a., 2008; Kelley et al., 2010;

Tyler, 2006; Win et a., 2012).

Effectors modulate the small RNA pathways in plants

Because small RNAs regulate plant defense, it is not surprising that pathogens
have evolved effectorsto disrupt host RNA silencing machinery in order to facilitate
infection. Indeed, many plant viruses, especially RNA viruses, encode proteins that
suppress small RNA-mediated antiviral defenses. These Viral Suppressors of RNA
silencing (VSRs) play important virulence functions that allow successful viral
infection (Diaz-Pendon et al., 2007; Voinnet, 2005). Bacterial pathogens also produce

T3Es, called Bacterial Suppressors of RNA silencing (BSRs), which manipulate plant
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small RNA pathways during infection. Three P. syringae effectors, AvrPto, AvrPtoB
and HopT1-1, can decrease the abundance of miR393, which isinvolved in basal
defense in Arabidopsis. HopT1-1 is thought to manipulate the miRNA pathway by
directly targeting AGOL and suppressing its slicing and miRNA -directed translational

inhibition activities (Navarro et al., 2008).

Although it is unclear whether small RNAs are involved in defense response
during Phytophthora infection, recent findings suggest that this might be the case
because two Phytophthora effectors have recently been shown to possess RNA
silencing suppression activity (Qiao et a., 2013). These Phytophthora Suppressors of
RNA silencing (PSRs) repress small RNA biogenesisin plant hosts and significantly
enhance Phytophthora infection. This finding indicates that small RNAs are integral
regulators in plant resistance during Phytophthora infection (Qiao et al., 2013). In this
chapter, | performed experiments to identify specific small RNAS, especially
miRNASs, in soybean roots that may regulate defense-associated genes during the

infection of P. sojae.
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1.3. MATERIALSAND METHODS

1.3.1 Plant growth and Phytophthora sojae culture

Soybean cultivars Harosoy and Williams 82 were used as susceptible and
resistant hosts, respectively. Williams 82 contains the R gene Rspslk (Gao et al.,
2005) and is therefore resistant to P. sojae isolate P6497, which produces the effector
Avrlk (race2). Harosoy is susceptible to P. sojae P6497 since it lacks the Rspslk

gene.

Soybean seeds were sterilized in 10% bleach solution and transferred to sterile
Petri dishes lined with filter paper. Seeds were kept moist by a daily addition of 1 mL
sterile distilled water and germinated in the dark for one week. Germinated seeds
were transferred to sterile pouches infused with B& D nutrient solution (1000 uM
CaCl,#2H,0, 500 uM KH,PO4, 10 uM Fe-Citrate, 250 uM MgSO4e 7H,0, 1500 uM
K2S04, 1 pM MNnSO40H,0, 2 uM H3BOy4, 0.5 uM ZnSO4e7H,0, 0.2 pM
CuSO,4e5H,0, 0.1 uM CoSO4e7H,0, 0.1 uM Na;M00,4e2H,0), and grown in a
growth chamber (28°C at a 12-hour light cycle) for about two weeks until the primary

roots were approximately two inchesin length (Subramanian et al., 2008).

P. sojae P6497 is cultured at room temperature in the dark on V8 media
(Erwin and Ribeiro, 1996). Soybean roots were infected with P. sojae by placing
mycelial plugs on top of the roots as previously described (Zhou et al., 2009).
Inoculated roots were placed in the dark for eight hours before the infected tissues
were collected for RNA extraction. Mock-treated roots were treated in the same way,
but with sterile agar plugs.
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1.3.2 RNA extraction and Small RNA library construction

Total RNAs were extracted, as described by (MacRae, 2007; Smmset al.,
1993), from the P. sojae-infected and mock-inoculated root tissues at 8 and 24 hours
post infection (hpi). 100 milligrams of root tissue was ground to afine powder with a
mortar and pestle in liquid nitrogen. The ground tissue was transferred to a conical
tube and mixed with 1ImL of TRIzol Reagent (Life Technologies). 200 uL of
chloroform was added to the TRIzol mixture, vortexed, and incubated at room
temperature for 5 minutes. The samples were centrifuged at 10,000 rpm (12,000 g) for
15 minutes at 4°C. The aqueous phase was transferred to a sterile conical tube and
mixed with 500 uL isopropyl acohol to precipitate the RNA. The samples were
incubated at room temperature for 10 minutes and centrifuged at 10,000 rpm (12,000
G) for 10 minutes at 4°C. The RNA precipitate was washed with 2 mL of 75%
ethanol and allowed to air dry for 5 to 10 minutes. RNA pellet was dissolved in
diethyl-pyrocarbonate (DEPC)-treated water (autoclaved 0.1% DEPC water). RNA
quality and concentration was determined by A260 measurement with the Nanodrop

1000 spectrophotometer (Thermo Scientific).

Small RNAs were fractionated by electrophoresis with a 6% TBE precast gel
(Invitrogen). 5 ug of total RNAs was loaded into the gel submerged in 1X TBE
Running Buffer and resolved at 200 V for 1 hour. The gel was stained with 0.01%
ethidium bromide and small RNAs in the range of 18-30 nt were recovered from the
gel. Total small RNAs were isolated with a RNA purification kit (Life Technologies)
and subjected to library construction with the [llumina TruSeq Small RNA Sample
Prep Kit for high throughput sequencing.
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1.3.3 Small RNA data processing

Small RNA sequences obtained from Illumina sequencing were
computationally processed through a small RNA data analysis pipeline as described
by (Barrera-Figueroaet a., 2011). Raw small RNA sequences were sorted into
individual filesaccording to the 5” barcode. Adaptor sequences were trimmed and the
small RNA sequences were filtered for quality scores and a size range between 18 nt
and 25 nt. Sequences that match known plant rRNAs, tRNASs, snRNAS, and snoRNAs
were removed. The remaining sequences were mapped to the soybean genome (DOE-
JGI Glycine max gene index Ver.8) using the Short Oligonucleotide Analyses
Package (SOAP) alignment software (Li et a., 2008). Reads that perfectly aligned to
the genome were retained and further analyzed for miRNA and phasiRNA

identification.

1.3.4 | dentification of miRNAs

Known miRNAs were identified by aligning to annotated miRNAs database
(www.mirbase.org Release 19) (Griffiths-Jones et al., 2008) using FASTA (version
3.6) (Pearson, 1999). miRNASs with less than two nucleotide differences were
classified to the same family. Potential miRNA sequences that did no match to a

known miRNA family were further analyzed as novel miRNAs.

Potential novel miRNAs identified from the small RNA libraries were submitted
for secondary structure analyses. DNA segments of 100-300bp covering the novel
mMiRNA sequence were taken for secondary structure prediction using UNAFold

(Markham and Zuker, 2008). Candidates were considered genuine miRNAs when
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they met the following criteria: (1) the free energy of the predicted secondary RNA
structure is no more than -35 kcal/mol; (2) the number of mismatches between the
putative miRNA and miRNA* is not greater than 4; (3) the number of asymmetrical
bulges in the stem region is not greater than 1 and the size of each asymmetrical bulge
islessthan 2; (4) strand bias of putative miRNAs requires that small RNA reads map
to the positive strand of the hairpin DNA segment account for at least 80% of all
mapped reads; (5) putative miRNA sequences that map to the miRNA and miRNA*
loci account for at least 75% of the reads within the loci (Meyerset al., 2008; Thakur

et a., 2011).

1.3.5 I dentification of phasiRNAs

PhasiRNA analyses were performed as described previously (De Paoli et al.,
2009). We identified 21 nt in-phase signatures from the small RNA sequencing data.
The numbers of signatures were counted within 210 bp (10 phases) through the
University of Delaware Legume Next-Gen Sequence DataBases soybean SRNA
database (http://mpss.udel .edu/soy_sbs/). Genomic regions with phasing scores
greater than 15 were considered PHAS | oci. These regions were then mapped to the
soybean genome sequence to determine the identities of the phasiRNA-generating

loci.

1.3.6 Northern blot analyses

Approximately 5 to 10 ug of total RNAs were extracted from P. sojae-infected
and mock-inoculated soybean roots using a TRIzol based extraction method (de

Fatima Rosas-Céardenas et a., 2011; MacRae, 2007; Simms et al., 1993). RNAs were
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separated using polyacrylamide gel electrophoresis (PAGE) (6.3 g urea, 1.5 mL 5X
TBE, 5.63 mL 40% acrylamide/bis-acrylamide (29:1), 120 uL 10% ammonium
persulfate, 9 uL TEMED) at 150 V for 1.5 hoursin 0.5X TBE buffer. RNA was then
transferred to a nylon membrane (GE Healthcare Life Sciences Amersham Hybond-
NX) in a semi-dry transfer system (Bio-Rad Trans-Blot SD Semi-Dry Transfer Cell)
at 300 mA per membrane for 1 hour. Transferred RNA were chemically crossed
linked onto the membrane with EDC solution (122.5 uL 12.5 M 1-methylimidazole,
0.373 g 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, pH to 8.0 with 1 N HCI,
bring to afinal volume of 12 mL) at 60°C for 1.5 hours. The membrane was washed
three times with distilled water and dried at 80°C or 30 minutes.

Oligonucleotides complementary to specific miRNA sequences were
synthesized and end-labelled with y-*P ATP (0.5 pL 100 pM oligo probe, 2.5 uL
10X PNK Buffer, 2.5 uL T4 Polynucleotide Kinase, 2.5 pL y-*P ATP, 25 uL final
volume). The labelled oligonucleotides were used as probes for hybridization.
Membranes were incubated with the hybridization buffer (5X SSC, 20 mM Na,HPO4,
7% Sodium dodecyl sulfate, 2X Denhardt’s Solution) at 65°C for 2 hour. Probes were
denatured at 85°C for 5 minutes and added directly into the hybridization buffer. The
members were incubated with probes overnight at 50°C.

Following hybridization, the membrane was rinsed with wash buffer (2X SSC,
0.1% SDS), wrapped in saran wrap, placed into a phosphor screen cassette system and
exposed overnight. Phosphor screens were scanned with the Molecular Dynamics
Typhoon imager and images processed with the ImageQuant TL software (GE

Healthcare Life Sciences).
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1.3.7 Quantitative RT-PCR of miRNA target transcripts

Target prediction of soybean small RNAs was performed utilizing the online
plant small RNA analyses server: PSRNATarget

(http://plantgrn.noble.org/psRNATarget). Submitted small RNA sequences were

scored against the soybean genome with at an expectation cut-off threshold of 3.0.
The complementary length range was set to 20 bp and the allowed energy to un-pair
the target site set to 25 UPE. Up to ten predicted target transcripts were selected for
transcript detection using semi-quantitative RT-PCR. Working primers were used for

quantitative RT-PCR.

Quantitative RT-PCR (qRT-PCR) was performed using iQ™ SYBR® Green
Supermix and a CFX96 Real-Time PCR Detection System (BioRad). DNA was
removed from 5 pg of total RNA with DNase | (Fermentas). DNA free RNA was used
to synthesize cDNA using M-MLV Reverse Transcriptase (Promega) at 48°C for 2

hours.

Gene-specific primers (Table 1.1) were designed to flank the predicted
mMiRNA-binding site of the target genes. The abundance of the miRNA target
transcripts was determined by gRT-PCR using areal time PCR machine (BioRad

CFX-96). GmUBI was used as the internal control.
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Table 1.1 Primers designed for gRT-PCR of microRNAS predicted targets.

micr oRNAs Genomic D Forward Primers Reverse Primers
Gma-miR166 Glyma05g30000 |AGTGGTCAACACCAACCGCA ATTGTGCCCCCATTCCCTGC
Glyma05g06070 [CCATTACCACCTCCTCAAACTC 'TACCTCCTCTGCCGGATAAT
Glyma07g01950 |GTGACGAGT GGT CAGCAGCAC ATGCTGCACAGGAGGCATGC
Glyma08g13110 [TGGTAGTGAGT GGTCAACGCCA ATCGTGCCCCCATTCCCTGT
Glyma08g21620 |AGCT GTGAGGAGT GGTCAGCA TGGTTCCACCATTTGCTGT GGG
Glyma11g20520 |GCTTCAGACCGT GAACCGCA AGGCT CCGACAGT CACGGAA
Gma-miR168 Glyma09g29720 |ACTGCTTCTGCAGGTACTACCACA |GCTCGAATGGTGCCCCCATTC
Glyma16g34300 [CACATCCTGGAGAGGATTCAAG GGCACAAACTAAACCAGCATAC
Gma-miR319 Glyma08g10350 [CGGATCCACTGTACCTTTCTTC GAACTGATGCTGGTGATGGT
Glymal3g29160 |GATCGICCAACCTACCTTTCTT GGTGATGGITGITGCTGITATT
Glymal13g34690 [GGTTATGGT CAAGGCCAGTAT CAGATAGT GATGATGCCGATGA
Glyma15g09910 [GGGCCTTGCTGGTITACAATA TGGAGGATCCGT CGACTAAA
Gma-miR393 Glyma02g17170 [TTCCCTTTCTGEGCTTCTAAC ATGGAGT CCCAAATCGCTATC
Glymal10g02630 |[GATCCCTTTGGATGTCCTCTTG TACTCTCCGGCCTTGAATCT
Glyma16g05500 |[ACGGACGTAGGGAAGTATGA ACATTCAACCTCGGCATCTT
Glymal19g39420 |GCCTATCCCTATCTGGICTTCT CCCAAATCACTATCTCCAGCAA
Gma-miR482 Glyma12g28730 |[CAAACACCCGCCTTCCTAAT CGCGCATGCTCTGGTATAA
Glyma12g36510 |CACTGCAATCTGT GAGGAAGA GGTGTCAGCAACGTCTCTATT
Gma-miR2109  |Glyma03g14900 |[CAGGCATGCCATCTCCTATT 'TGAGGACCT TCCAAAGCTTCGAAGT
Glyma16g10080 |GGTCAGGGACATTCAGTACATT TGCCTGTGGATAGTGATTGCTGCA
Glyma16g34000 |[CTGTGCATCCTTGACTTCCT 'TCAGGAACT GTATGAGGCTGGAGGA
Gma-miR1507  |Glyma04g29220 |GTTGGATTCCCTGCGAGATAA CTCATCATGCCACCACCATAA
Glyma06g39720 [CTCACCAATTTGCGICGCCTTGAA [CAAATCCACT GCCAATGCATCCGA
Glyma06g47650 |TGAGACGCT CTCGAGCAAGTTGAA |ATCAAGCACAGCAACCTTGACAGC
Glyma13g25950 [TAGTGGTGITGGCGITGGATCAGA |ATCCCACCCATGCCCACAATAGAA
Glyma15g37290 [GCATTAGAATGCGITGGTGGTGCT |AGCTTGGATGGAGAGGAGCTTGIT
Gma-miR3522  |Glyma12g01290 |GGTGCTCCTACT CCACCCCAG GAACAGGGGGT GTAGGCTGGT
Glyma16g05240 [CTTCCCAAGGCATAGTCCCTGGG  |GCCAGAAGAGCATGCACCACGG
Gm13 14875340 |Glyma05g21680 [TCCTCCGAGTGCTTCTTTGGCGATT |ACCGGAGTACGT GGTCACAACAAT
Glyma17g18040 [GCTTATGGACTACGCTATCTCAC [TAGAGTCAAGCAACTCCGITATG
Gm13 15666134 |Glyma05g08230 |TCACGCTTCCAAACAGCAACACAG |CCATCAAGAGGCAATGGCATGGTT
Glyma08g24960 [GCAAGCATTGCATACCATCTATT  |[CTCAGCTTCCATCTCAGTAACC
Glymal15g10140 |GCATGAAGGAGAGT GCTTAGAT GGCCATGAGGATCTCTTCTAAC
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1.4RESULTS

1.4.1 Small RNA profiling in P. sojae-infected soybean roots

Soybean roots were inocul ated with the P. sojae strain P6497 (race 2) in order to
identify small RNAs that were differentially accumulated during P. sojae infection.
We used two soybean cultivars Harosoy and Williams 82 as the susceptible and
resistant host, respectively. Williams 82 carries the resistance gene Rps1K, which
activates defense response upon the recognition of an effector AvrlK produced by P.

sojae strain P6497 (Dorrance et al., 2004; Gao et al., 2005).

Roots of soybean seedlings were inoculated with P. sojae mycelial plugs as
previously described (Zhou et al., 2009). Small RNA profiles were analyzed in the
infected and mock-inoculated tissues at 8 hours post inoculation (hpi). The rationale
in selecting 8 hpi for tissue collection is to examine small RNA changes at an early
infection stage. Base on my microscopic analyses of the P. sojae infection process, |
found P. sojae hyphae penetration into soybean root tissue to occur at approximately
4-8 hpi for Harosoy and Williams 82 (Figure 1.3). Oospore development usually
occurs at approximately 16-24 hpi for the susceptible host Harosoy. Although
Williams 82 is resistant to P. sojae P6497, a small number of oospores at the
inoculation sites (i.e., no hyphae extension from the infection sites) could be observed

at round 36 hpi.

In order to monitor small RNA changes at the early infection stages before
oospore development and tissue necrosis, total RNAs were extracted from the infected

root tissues at 8 hpi, when extensive hyphae penetration into the root cortex layer was
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observed (Figure 1.3). Libraries were constructed using 18-30 nt small RNAs and
then subjected to I1lumina sequencing. Roots inoculated with clean agar plugs were

used as mock-treated controls.

We obtained more than 10 million high quality reads from each library (Table
1.2). These reads were aligned to the published soybean genome
(http://www.phytozome.net/soybean.php). Sequences that perfectly aligned to the
genome were further filtered to remove ribosomal RNAS, transfer RNAs and small
nucleolar RNAs. The remaining sequences were retained as potential small RNAs for

mMiRNA and siRNA identification.

In general, 324 miRNAs belonging to 109 known miRNA families were
identified using the miRBase Release 19 (www.mirbase.org; Griffiths-Jones et al.,
2008). Sixty-nine potential novel miRNAs were a so found using a recently developed
bioinformatic pipeline (Barrera-Figueroa et a., 2011). These miRNAs range from 18
to 24 nt in length; and as expected for miRNAS, they have a clear size bias of 21 nt
(Figure 1.4). The number of miRNA species in the mock-treated susceptible cultivar
Harosoy appeared to be smaller than the number of miRNAs in the P. sojae-infected
tissues; however, | did not observe significant changes in the number of miRNA
species produced by the resistant cultivar Williams 82 between the mock-treated and

the P. sojae-infected samples (Figure 1.4).
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Figure 1.3 Microscopic analyses of P. sojae infection in soybean roots.

The susceptible soybean cultivar Harosoy was inoculated with agar plugs with
growing P. sojae hyphae. A GFP-expressing P. sojae strain P6497 was used for
infection. The inoculated roots were examined at 0, 8 and 24 hpi. The images were
taken using 10X magnification at 0 hpi, and 40X magnification at 8 and 24 hpi. At O

hpi, bar equals 0.2mm. 8 hpi, 24hpi, bar equals 0.05mm.
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Table 1.2 Small RNA reads obtained from each small RNA library.

Libraries Total Reads matched to| Reads matching | Small RNA
sequences | soybean genome| t/r/sn/snoRNA reads

8 hpi Harosoy
8 hpi Harosoy 13,145 492 8,705,618 5636119 | 3,069,499
P. sojae-infected
8 hpi Williams82
M ock-treated 11,556,525 5,192,259 3,537,199 1,655,060
8 hpi Williams82| - oo, g 8,432,412 5000415 | 3422997

P. sojae-infected

28




Figure 1.4 miRNA profiling in soybean roots infected with P. sojae.

The susceptible cultivar Harosoy and the resistant cultivar Williams 82 were
inoculated with P. sojae strain P6497. Small RNAs were extracted from the infected
tissues at eight hours post inoculation and analyzed by I1lumina sequencing. Numbers
of conserved and novel soybean miRNAS in soybean roots and their size distributions

are presented.
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1.4.2 I dentification of miRNAs differentially expressed during exposure to P. sojae

Relative abundances of miRNAs were determined by comparing the
normalized number of reads for a specific miRNA in the P. sojae-infected tissues to
mock-treated samples. miRNA reads in each sample were normalized using the total

number of small RNA readsin the particular library.

Overall, | observed extensive changes in the abundance of specific small
RNAs in soybean roots in response to P. sojae infection, indicating that significant
physiological changesinduced by the pathogen are occurring shortly after pathogen
exposure. Furthermore, P. sojae-induced small RNA changes are similar in the
susceptible Harosoy and the resistant Williams 82 (Table 1.2). Thisis somehow
expected because these changes in the early infection stage may reflect basal

resistance that is conserved in both susceptible and resistant hosts.

Known soybean miRNASs that are altered upon P. sojae infection

Following bioinformatic analyses of the small RNA libraries, | found 14
known miRNAs and ten novel miRNAs that showed altered accumulations in one or
both cultivars (Table 1.3). Northern blotting using samples from independent
experiments confirmed the enhanced accumulation of miR393, miR166, miR1507,
miR2109, and miR3522 in both cultivars (Figure 1.5, Table 1.3). These changes
reflected the same trends as indicated by the sequencing analyses. In contrast,
mMiR168, miR319 and miR482 were confirmed to be repressed during P. sojae
infection (Figure 1.6, Table 1.3), which was contrary to the small RNA sequencing

data. The induction of miR166 and repression of miR482 in P. sojae-infected soybean
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were also observed in amicroarray analyses reported previously (Guo et a., 2011).
Several miRNAs that showed differential expressions based on the small RNA
sequencing analyses, such as miR164, miR167, miR1508, miR15010 and miR1513,
did not exhibit significant differences that could be consistently observed in northern
blot or produce detectable signalsin the blots (Figure 1.7). Northern blots were
performed with independent samples and the relative miRNA levels are presented by

average + standard deviation (Table 1.4).

Novel soybean miRNAsthat are altered upon P. sojae infection

In addition to known miRNAsS, 69 potential novel miRNAs were identified
from small RNA sequencing based on the established criteria (Meyers et al., 2008)
(Table 1.5). All of these potential novel miRNAs were predicted to form stem-loop

structures from their MIR transcripts (Figure 1.8).

Among them, ten novel miRNAs with relatively higher abundances (greater
than 100 transcripts per million) showed altered accumulation in the P. sojae-infected
roots in the sequence analyses (Table 1.6). Northern blotting confirmed the induction
of Gmal3_ 15666134 and the repression of Gmal3_ 14875340 during P. sojae
infection (Figure 1.9). Northern blotting failed to validate the abundance changesin
the majority of potential novel miRNAs. Thisislikely dueto low expression levels of

these miRNAS.
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Table 1.3 Conserved miRNAs that exhibit differential expression from small RNA

sequencing analyses. Soybean miRNAs that exhibited larger than two fold changesin

root tissues inoculated by P. sojae at 8 hours post inocul ation. The abundance of

specific mMiRNAs in each sample is represented by normalized reads (per million

small RNA sequences) from Illumina sequencing.

Soybean miRNAs miRNA Sequence Har osoy 8 hpi Williams82 8 hpi
relative expression Mock Inf.|P.sojae Inf.fMock Inf.|P.sojae Inf.
in TPM
miR160 TGCCTGECTCCCTGTATGCCA 15 14.7 30.6 45.1
miR164 TGCGAGAAGCAGGGECACGT GCA 3.0 18.3 9.8 25.4
miR166a/b/c TCGGACCAGGCTTCATTCCCC 30.7 1233.7 4.6 134.2
miR166d TCTCGGACCAGCCTTCATTCC | 6822 3204.0 890.9 1824.7
miR167 TGAAGCTGCCAGCATGATCTA 0.6 2.0 12 4.6
miR168 TCGCTTGGT GCAGGT CGGGAA 78.1 285.0 86.7 362.8
miR319 TTGGACT GAAGGGAGCTCCC 1055.9 | 2185.0 24.5 161.3
miR393 TCCAAAGGGATCGCATTGAT 0.2 55 0.2 0.9
miR482 TTCCCAATTCCGCCCATTCCTA| 155 226.5 28.7 169.0
miR1507 TCTCATTCCATACATCGICTGA| 136.8 1368.7 353.4 2082.4
miR1508 TAGAAAGGGAAATAGCAGI TG | 1114 634.8 285.0 718.1
miR1510 AGCGATAGGTAAAACAATGAC 0.0 0.3 30.6 140.8
miR1513 TGAGAGAAAGCCATGACTTAC 28.0 156.5 12.9 52.3
miR2109 TGCGAGTGTCTTCGCCTCTGA 99.4 395.6 135.4 349.2
miR3522 TGAGACCAAATGAGCAGCTGA 14.4 44.1 20.0 39.4
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Table 1.4 Summary of results from northern blots, which were used to confirm the
differential accumulations of miRNAs in soybean roots from independent biological
replicates. The abundances of miRNAs were quantified by determining relative signal
densitiesin P. sojae-infected samples on northern blots in comparison to the mock-
treated samples. “n” is the number of independent experiments that were performed
for individual miRNAs. Relative miRNA levels are presented by average + standard

deviation. Statistically significant results are labeled with *.
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Figure 1.5 Specific miRNAs that were induced in soybean roots infected by P. sojae.

Northern blots showing miRNA abundancesin (-) mock-treated and (+) P. sojae-
infected tissues at 8 hpi. U6 served as aloading control in the blots. Numbers below

each blot image represent abundance of the miRNA relative to the mock-treated

sample.
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Figure 1.6 miRNAs with reduced abundance in roots infected by P. sojae.

Northern blots showing miR168, miR319 and miR482 decreased in abundancesin the
(+) P. sojae-infected roots when compared to the (-) mock-treated roots at 8 hpi. U6
served as aloading control in the blots. Numbers below each blot image represents

the abundance of the miRNA relative to the mock-infected sample.
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Figure 1.7 Soybean miRNAs that did not display abundance changes when infected

by P. sojae.

Northern blots of miRNAs in (-) mock-treated and (+) P. sojae-infected tissues at 8
hpi. U6 served as aloading control in the blots. Numbers below each blot image

represents the abundance of the miRNA relative to the mock-infected sample.
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Table 1.5 Novel miRNAs predicted from small RNA sequencing data.

69 putative novel miRNAs were identified in the sequencing data. The abundance of
novel mMiRNAs in each sample is represented by normalized reads per million small

RNA seguences.
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Table 1.6 Ten potential novel miRNAs exhibit differential accumulation in P. sojae-

infected soybean roots.

Potential novel soybean miRNAS that exhibited fold changes in root tissues

inoculated by P. sojae at 8 hours post inoculation are listed. The abundance of

specific mMiRNASs in each sample is represented by normalized reads (per million

small RNA sequences) from Illumina sequencing.

Novel Soybean
mMiRNAs Sequence Har osoy Williams82
P.sojae P.sojae
Mock Inf.| Inf. |[MockInf.| Inf.
Gmal9 1831364 |TCAGAAATCTCCCGTCAA 59.2 99.1 47 29.6
Gmal6 7236789 |AGCTCTTCATCTTCGGCC 405.3 282.0 164.1 135.8
Gmal3 15666134 |GGAGTCTGACATGIGIGCG 828.1 209.4 2008.8 796
Gmal3 15673744 |CGCACACATGTCAGACTC 11246.6 | 12419.6| 5834.5 4612.6
Gmal3 14875340 |TCCACAATCGCGATGATGACG 767.2 981.9 934.9 568.6
Gmal2 6421257 |CCACTACACCACAGCAAC 6.2 10.2 60.7 140.9
Gmal0 2905312 |TCTCGAACCAAACGACATTCC 687.8 1534.1 762.9 1684
Gmal5 9956321 |GCCGACGGGT TCGGGACTGGG 187.6 174.7 63.2 87.6
Gmal3_19646929 |ACTCCCCACCTGACAATG 5.4 57.7 99.8 136.1
Gma02 6599292 |TAGTTGTTTTACCTATCCCT 104.3 399.9 455 161.5
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Figure 1.8 Secondary structure analyses of novel miRNAS.
Secondary structures were predicted for potential novel miRNA -generating transcripts
using UNAfold. Representative secondary structures of four potential novel miRNAS

are presented. Red lines label the positions of the miRNA sequences.
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Figure 1.9 Putative novel miRNAs that differentially accumulate during P. sojae

infection.

Northern blots showing miRNA abundancesin (-) mock-treated and (+) P. sojae-
infected tissues at 8 hpi. Gmal3_ 14875340 was reduced while Gmal3 15666134
abundance increased. U6 served as aloading control in the blots. Numbers below
each blot image represents the abundance of the miRNA relative to the mock-infected

sample.
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1.4.3 miR166 and miR393 are induced by heat-inactivated P. sojae cells

One branch of plant immunity system is based on the recognition of pathogen-
or microbe-associated molecular patterns (PAMP/MAMPs), which leads to PAMP-
triggered immunity (PTI) (Boller and He, 2009; Zipfel, 2009). PTI, broadly referred
asthe basal defense in plants, restricts the growth of the vast mgjority of potential
pathogens encountered by plants in the surrounding environments (Boller and He,
2009; Jones and Dangl, 2006). It was previously reported that the major PAMP, flg22,
of the bacterial pathogen Pseudomonas syringae can induce miR393, asa PTI

response (Navarro et al., 2006; Zhang et al., 2011).

Phytophthora are known to trigger plant defense response through recognition
of cell surface elicitors, such as beta-glucans, NPP1 and PEP-13 (Brunner et al., 2002;
Day and Graham, 2007; Fellbrich et al., 2002). In order to determine whether the
changes observed in the accumulation of specific mMiIRNAs were PTI responses upon
soybean perception of P. sojae PAMPs, | treated soybean roots with heat-inactivated
P. sojae cells (also called the cell wall prep) as previously described (West, 1981).
Northern blotting showed that miR166 and miR393 were again induced at eight hours
after exposure to the cell wall prep (Figure 1.10, Table 1.7). These data suggest that
the induction of miR166 and miR393 is a soybean defense response triggered by

certain cell wall component(s), or PAMPs, of P. sojae.

Different from miR393 and miR166, miR1507 and miR2109 were only
induced by P. sojae, but not by the cell wall prep (Figure 1.11, Table 1.7), suggesting

that they were triggered by the actual infection process, but not by PAMPs. No signal
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was detected when blotting for miR3522. Thisis likely due to low abundance of

miR3522 in roots, especially without infection.
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Table 1.7 Summary of results from northern blots, which were used to confirm the
differential accumulations of miRNAs in soybean roots from independent biological
replicates. The abundances of miRNAs were quantified by determining relative signal
densitiesin P. sojae cell wall prep-treated samples on northern blots in comparison to
the mock-treated samples. “n” is the number of independent experiments that were
performed for individual miRNAs. Relative miRNA levels are presented by average +

standard deviation. Statistically significant results are labeled with *.
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Figure 1.10 miR166 and miR393 were induced by heat-inactivated P. sojae cells.

P. sojae hyphae were collected from agar plates and boiled for 5 minutesin water.
Boiled cell debris were re-collected by centrifugation, cooled down to room
temperature, and then used to inoculate soybean roots. The abundance of miR166 and
miR393 were determined by northern blotting eight hours after the roots were
exposed to the heat-inactivated cells (+) or water (-). U6 served as aloading control;
and numbers below each blot image represents the abundance of the miRNA relative
to the mock-infected sample. This experiment was repeated three times with similar

results.
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Figure 1.11 miR1507 and miR2109 did not change in roots exposed to heat-

inactivated P. sojae cells.

The abundance of miR1507, miR2109 and miR3522 were determined by northern
blotting eight hours after the roots were exposed to the heat-inactivated P. sojae cells
(+) or water (-). U6 served as aloading control and the numbers below each blot
image represents the abundance of the miRNA relative to the mock-infected sample.

This experiment was repeated twice to verify results.
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1.4.4 miRNA target genes also exhibit changes upon P. sojae infection

Small RNAs repress their target gene expression. Therefore, an increase in
miRNA levelswould likely lead to decrease in the abundance of the target transcripts,
and a decrease in miRNA levels should enhance the accumulation of target

transcripts.

| examined the transcript levels of genes targeted by the miRNAS that were
differentially accumulated in P. sojae-infected tissues using quantitative RT-PCR
(gRT-PCR) (Table 1.8). Target genes of the differentially expressed soybean miRNAs
were predicted utilizing the plant small RNA analyses server: PSRNATarget
(http://plantgrn.noble.org/psRNATarget). For the conserved miRNA, their predicted
targets in soybean were also matched to the previously identified targets from

Arabidopsis and other plants for confirmation.

The transcript abundance of two to five predicted target genes was examined
for each miRNA. The magjority of these genes indeed exhibit changes that are
consistent with the corresponding differential expression of the miRNA in P. sojae-
infected soybean roots. For example, | observed reduced abundance of the predicted
target genes of miR166 and miR393, which were induced by P. sojae (Figure 1.12).
The families of miR166 have known rolesin plant growth and development, while
miR393 regulates the auxin signaling pathway. miR166 targets the Class ||
homeodomain leucine zipper (HD-ZIP 111) genes (Subramanian et al., 2008; Zhang et
al., 2008; Zhang et al., 2011), which encodes CORONA, REV, PHV and PHB. HD-

ZIP 111 proteins have been shown to influence auxin signaling (Itoh et al., 2008;
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Prigge et a., 2005). The targets of miR393 are auxin receptor proteins, including
TIR1, AFB1, AFB2 and AFB3 in Arabidopsis (Chen et al., 2011; Feng et al., 2010; Li
et a., 2010; Navarro, 2006; Si-Ammour et al., 2011; Subramanian et al., 2008; Vidal

et al., 2010; Zhang et a., 2011).

The target transcripts of the other three induced miRNAs, miR1507, miR2109
and miR3522, also exhibited the expected decrease in P. sojae-infected samples (Fig.
1.13 and Fig. 1.14). Among them, miR1507 and miR2109 are particularly interesting
because they are predicted to target nucleotide binding-leucine rich repeat (NB-LRR)
genes, which are canonical plant resistance (R) genes. Consistent with the enhanced
accumulation of miR1507 and miR2109, several NB-LRR genes that are predicted to

be targeted by these miRNAs were repressed by P. sojae infection (Figure 1.13).

Another miRNA, miR482, was also predicted to target one NB-LRR gene
Glymal2g36510 (Table 1.8). miR482 was repressed during P. sojae infection;
however, the transcript level of Gmal2g36510 was only moderately increased in the
resistant host Williams 82, but remained unchanged in the susceptible host Harosoy
(Fig. 1.14). Therefore, it seems like P. sojae infection leads to a general reduction in
the expression levels of NB-LRR genes. Furthermore, the target genes of miR168 and
miR319 did not show significant changes at the transcription level (Figure 1.15),
although these two miRNAs were both down-regulated in P. sojae-infected tissues. It
is possible that the repression of miR168 and miR319 may lead to enhanced

expression of other targets that | did not test.
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Corresponding transcript changes of the predicted targets of the two novel
miRNASs that exhibit differential expression were also detected by gRT-PCR (Figure
1.16). Gm13_14875340 targets members of the GH3 gene family, which encodes acyl
acid amino synthetases that catalyze the synthesis of amino acid conjugates of auxin
and jasmonates (Staswick et al., 2002; Woodward and Bartel, 2005). Gm13_
14875340 was repressed during the early infection of P. sojae, consistent with the
increased expression of the GH3 family gene Glyma05g21680. Notably, there were
abundance changes only in Williams 82 but not in Harosoy. It may be possible that
cultivar differences are contributing to the disparity, but further examination is
required. In Arabidopsis, over-expression of a GH3 gene WESL |eads to auxin
defective phenotypes (Park et al., 2007). It is therefore possible that this novel
mMiRNA represses the auxin signaling pathway during P. sojae infection. This activity
is consistent with the effect of miR393, whose induction by P. sojae aso leads to the

repression of auxin signaling.

One of the predicted targets of the novel soybean miRNA Gm13_ 15666134
encodes a voltage ligand-gated potassium ion channel (Table 1.8). Consistent with the
induction of Gm13_ 15666134, the predicted target Glyma05g08230 is repressed in P.
sojae-infected roots. Potassium ion channels have critical rolesin plants responding
and adapting to biotic and abiotic stresses (Jaspers and Kangasjarvi, 2010; Uozumi
and Schroeder, 2010). Therefore, this novel soybean miRNA could also regulate
soybean defense by modulating the function of potassium ion channels in responding

to P. sojae infection.
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Table 1.8 Predicted soybean targets of miRNAs that were confirmed to accumulate

differentially in roots during P. sojae infection.

Conserved and novel miRNAs were submitted for target transcript prediction using
the plant small RNA analyses server: PSRNATarget,

(http://plantgrn.noble.ora/psRNATarget).
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Soybean miRNA

Predicted Target Gene

Target Gene Product

gma-miR166 Glyma05g30000 HD-ZIP Transcription Factor
Glyma05g06070 APRR2 Transcription Factor
Glyma07g01950 HD-ZIP Transcription Factor
Glyma08g13110 HD-ZIP Transcription Factor
Glyma08g21620 HD-ZIP Transcription Factor
Glymallg20520 HD-ZIP Transcription Factor
gma-miR168 Glyma09g29720 Argonautel
Glymal6g34300 Argonautel
gma-miR319 Glyma08g10350 TCP family transcription factor
Glymal3g29160 TCP family transcription factor
Glymal3g34690 TCP family transcription factor
Glymal5g09910 TCP family transcription factor
gma-miR393 Glyma02g17170 F-Box/Leucine Rich Repeat Protein
Glymal0g02630 F-Box/Leucine Rich Repeat Protein
Glymal6g05500 F-Box/Leucine Rich Repeat Protein
Glymal9g39420 F-Box/Leucine Rich Repeat Protein
gma-miR482 Glymal2g28730 Glycogen Synthase Kinase 3
Glymal2g36510 Nucleotide-Binding Leucine Rich Repeat Protein
gma-miR2109 Glyma03g14900 Nucleotide-Binding Leucine Rich Repeat Protein
Glymal6g10080 Nucleotide-Binding Leucine Rich Repeat Protein
Glymal6g34000 Nucleotide-Binding Leucine Rich Repeat Protein
gma-miR1507 Glyma04g29220 Nucleotide-Binding Leucine Rich Repeat Protein
Glyma06g39720 Nucleotide-Binding Leucine Rich Repeat Protein
Glyma06g47650 Nucleotide-Binding Leucine Rich Repeat Protein
Glymal3g25950 Nucleotide-Binding Leucine Rich Repeat Protein
Glymal5g35920 Nucleotide-Binding Leucine Rich Repeat Protein
gma-miR3522 Glymal12g01290 Glycosyl Hydrolase
Glymal6g05240 Sec31 Transport Protein
Gm13_14875340 |Glyma05g21680 GH3 Auxin Responsive Protein
Glymal7g18040 GH3 Auxin Responsive Protein
Gm13 15666134 |Glyma05g08230 Voltage Ligand-Gated Potassium Channel
Glyma08g24960 Voltage Ligand-Gated Potassium Channel
Glymal5g10140 Voltage Ligand-Gated Potassium Channel




Figure 1.12 The expression of the target genes of miR166 and miR393 were repressed

during P. sojae infection.

Transcript abundances of the predicted targets of miR166 and miR393 were
determined by quantitative RT-PCR. GmUBI was used as the internal standard.
Relative expression levels were determined by comparing the normalized transcript
levels between P. sojae-infected and mock-treated samples. Values represent averages
from three independent biological replicates and error bars represent standard

deviations. * denotes statistically significant difference (p<0.01).
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Figure 1.13 NB-LRR genes targeted by miR1507 and miR2109 were repressed during

P. sojae infection.

Relative transcript abundances were evaluated with gRT-PCR using GmUBI as an
internal control. Values represent averages from two independent biological replicates
and error bars represent standard deviations. * denotes statistically significant

difference (p<0.01).
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Figure 1.14 Quantitative RT-PCR analyses on the expression levels of miR482 and
miR3522 target genesin soybean roots infected with P. sojae.

The soybean targets of the conserved miRNAs were determined by qRT-PCR in
mock-treated and P. sojae-infected roots at 8 hpi. Relative transcript abundance was
evaluated using GmUBI as an internal control. * represents statistically significant

difference.
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Figure 1.15 Quantitative RT-PCR analyses on the expression levels of miR168 and
miR319 target genes in soybean roots infected with P. sojae.

The soybean targets of conserved miRNAs were determined by gRT-PCR in mock-
treated and P. sojae-infected roots at 8 hpi. Relative transcript abundance was
evaluated using GmUBI as an internal control. * represents statistically significant

difference.
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Figure 1.16 Quantitative RT-PCR analyses on the expression levels of novel miRNAs
Gmal3g_ 14875340 and Gmal3gl15666134 target genes in soybean roots infected
with P. sojae.

The soybean targets of the novel miRNAs were determined by gRT-PCR in mock-
treated and P. sojae-infected roots at 8 hpi. Relative transcript abundance was
evaluated using GmUBI as an internal control. * represents statistically significant

difference.
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1.5 DISCUSSION

1.5.1 Specific miRNA changes as defense responses in soybean

The research aiming to understand small RNA biogenesis and regulatory
mechanisms has been rapidly increasing over the past several decades. The vast
knowledge accumulated indicates a very complex and dynamic function for small
RNAs in plants and animals. During infection, the host utilizes small RNA pathways
to block pathogen infection and control disease development. However, pathogens
have evolved mechanisms to modulate small RNA biogenesis and suppress host
immunity. In plants, small RNAs have been shown as an important defense
mechanism against viruses and bacteria. Changes of specific small RNAs in response
to these pathogens enhance host survivability either by directly targeting pathogen

RNAs or by regulating host resistance genes.

Using small RNA sequencing and experimental confirmation with northern
blots and gRT-PCR, | identified abundance changes of eight known miRNAs and two
novel soybean miRNAS in the roots infected with an economically important
oomycete pathogen P. sojae. This study represents the first genome-scale small RNA
profiling during Phytophthora infection. These data demonstrate distinct regulations
of specific miRNASs in response to P. sojae infection. The small RNA changes lead to
altered expression of defense-associated genes, suggesting that specific small RNAs
are important regulators of plant immunity. Though this study focused on miRNAS,
our small RNA library remains avast resource for the identification of additional

novel soybean miRNAs and siRNAs.
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1.5.2 P. sojae PAMPs trigger miR393 and miR166 expression.

mMiR166 and miR393 are conserved miRNAS that primarily regulate plant
development. miR393 represses auxin signaling by targeting the TIR/AFB auxin
receptors (Chen et al., 2011; Feng et al., 2010; Si-Ammour et a., 2011; Vidal et al.,
2010). The function of miR393 in plant immunity has been studied in Arabidopsis
using MIR393-overexpressing lines, which exhibited enhanced resistance to the
bacterial pathogen Pseudomonas syringae (Navarro et al., 2006) and the oomycete
pathogen Hyal operonospora parasitica (Robert-Seilaniantz et al., 2011).
Interestingly, miR393 was induced by heat-inactivated P. sojae cells, indicating that
the induction was likely triggered by PAMPs. Phytophthora cell surface peptide 3-
glucans and PEP-13 have been reported to elicit defense response including the
accumulation of phytoalexins and the activation of salicylic acid (SA) signaling
pathways (Brunner et al., 2002; Day and Graham, 2007; Fellbrich et al., 2002).
Although it remains to be determined which cell wall component(s) elicits the
induction of miR393, my results support afunction of thismiRNA in establishing
PAMP-triggered immunity in soybean. Indeed, miR393 can be induced by the major
PAMP, flagellin, of the bacterial pathogen P. syringae in Arabidopsis (Navarro et al.,
2006). Collectively, these data suggest that miR393 may play a conserved role in

plant basal defense upon the detection of a broad range of microbial pathogens.

Similar to miR393, miR166 was also induced by heat-inactivated P. sojae
cells. miR166 targets the Class 111 homeodomain leucine zipper (HD-ZIP 111) genes
and regulates organ polarity, vascular development and lateral root devel opment

(Prigge et al., 2005). It is possible that the induction of miR166 could stall plant
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growth so that infected plants could devote more energy to establishing a defense
response. In Arabidopsis, miR166 was up regulated when exposed to a nonvirulent P.
syringae mutant (Zhang et al., 2011). Another conserved miRNA, miR160, was also
indicated to be induced in Arabidopsis by P. syringae (Fahlgren et al., 2007), but
remained unchanged in our systems. These data suggests conserved and specific roles

of miRNAs in different plants challenged by different pathogens.

1.5.3 Soybean miRNASs regulate NB-LRR genes during P. sojae infection.

NB-LRRs are immune receptors that recognizes specific pathogen proteins,
such as effectors, and elicit robust defense response (Eitas and Dangl, 2010; Jones and
Dangl, 2006; McHale et al., 2006; Swiderski et a., 2009). The activation of NB-LRR
proteins often associates with programmed cell death, which restricts the spread of the
pathogen from the infection sites; on the other hand, mis-regulation of NB-LRRs
leads to tissue damage and auto-immune diseases (McHale et al., 2006; Swiderski et
a., 2009). Some NB-LRRs were found to be involved in other cellular signaling
pathway, such as stress tolerance and development (Tameling and Joosten, 2007). In
soybean, NB-LRR proteins can al so regulate nodulation through the symbiotic
relationship with rhizobia (Kulcheski et al., 2011; Subramanian et a., 2008). In
particular, the soybean NB-LRRs Rj2 and Rfgl are involved in host specific

recognition of Bradyrhizobium japonicum (Yang et al., 2010).

A number of soybean miRNAs, including miR482, miR1507, miR1509,
miR1510 and miR2109 have been predicted to target the NB-LRR genes. Among

them, both miR1507 and miR2109 are induced during P. sojae infection.
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Furthermore, miR1509 and miR1510 were found to be up-regulated based on the
small RNA sequencing data, although these changes were not confirmed by northern
blotting. These data suggest a general down-regulation of NB-LRR genes by miRNAs

in P. sojae-infected soybean.

22 nt miRNASs can trigger the production of secondary ssRNAs from their
target transcripts. These SRNAs are referred as phasiRNASs because they arein 21 nt
register from one another. miR1507 and miR2109 are 22 nt in length in Medicago
truncatula and are able to trigger the production of phasiRNAs from their target NB-
LRRoci (Zhai et al., 2011). As such, these miRNAs could be central regulators of a

potentially large number of NB-LRR genes.

miR1507 isa conserved 22 nt miRNA in legumes. Although produced by both
soybean and M. truncatula, miR2109 was thought to be predominantly 21 nt in
soybean (Zhai et al., 2011). However, our sequencing data and northern blotting
analyses detected both 21 and 22 nt forms of miR2109 in soybean, and both forms
were induced during P. sojae infection (Figure 1.5). The presence of the 22 nt form
raised the possibility that miR2109 may also trigger the production of phasiRNAS
from itstarget NB-LRR loci in soybean. Therefore, it islikely that miR1507 and
miR2109 can regulate a large group of NB-LRR genes through phasiRNA production

in P. sojae-infected soybean.

Genome sequence analyses revealed hundreds of potential NB-LRR genesin
soybean (Innes et a., 2008; Zhai et a., 2011). Since activation of NB-LRRs leadsto a

fitness penalty (Day and Graham, 2007; Jones and Dangl, 2006; Rafiqi et al., 2009),
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precise regulation of NB-LRR gene expression is of significant importance for
effective defense against the pathogens. | hypothesize that in the early stages of
infection, it isin the best interest of the plant to maintain NB-LRR proteinsin low
levelsto avoid the fitness penalty. It is possible that soybean may use miRNAs, and
possibly phasiRNAS, to fine tune the expression levels of NB-LRR genes, especially at

the early infection stages by P. sojae.

1.5.4 Conclusions

This study represents the first genome-scale small RNA profiling in plants
during Phytophthora infection. | identified specific soybean miRNAs that are
differentially accumulated in soybean roots infected by the economically important
pathogen P. sojae. These data demonstrate that the small RNA changes lead to altered
expression of defense-associated genes and suggest that specific small RNAs are

important regulators of plant immunity.

Many aspects of the molecular and genetic mechanisms of small RNA
mediated plant defense remain unclear. For example, how small RNAs are regulated
in response to pathogens and how these changes confer resistance are largely
unknown. Further research is needed to gain additional insight into the roles of small

RNAs during plant-pathogen interactions.
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CHAPTER 2. MIR393 CONTRIBUTES TO SOYBEAN RESISTANCE
AGAINST PHYTOPHTHORA SOJAE
2.1 ABSTRACT

Small RNAs have essential regulatory roles in gene expression in eukaryotes.
Plants produce two major classes of small RNAs called microRNAs (miRNAs) and
small interfering RNAs (SSRNASs). Studies have shown that miRNAs are central
playersin plant development, metabolism and stress response. In this chapter |
investigated the function of the conserved miRNA, miR393, in soybean during
infection by the oomycete pathogen Phytophthora sojae. P. sojae causes soybean
stem and root rot, the second most devastating disease of soybean. My previous
experiments revealed an increase in miR393 abundance in P. sojae-infected soybean
roots. Here, | analyzed the function of miR393 using the Short Tandem Target Mimic
(STTM) technology. By expressing the STTM construct in soybean hairy roots, |
successfully knocked down the levels of mature miR393. Importantly, these roots are
highly susceptible to P. sojae, suggesting that miR393 is a positive regulator of
soybean defense. | further studied the mechanism by which miR393 regul ates defense
response against P. sojae and found that roots with decreased miR393 also exhibit
largely reduced expression of genes required for phytoalexin production. This study
demonstrates an important function of miR393 in soybean defense against P. sojae,

probably by regulating the production of phytoalexins.
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2.2INTRODUCTION
2.2.1 Small RNAsregulate plant defense

Small RNAs have essential regulatory rolesin various important plant
processes including devel opment, metabolism, and responses to biotic and abiotic
stresses (Bartel 2004; Bartel 2009; Chen 2009; Kulcheski et al., 2011; Khraiwesh et
al., 2012). miRNA changes have been shown to occur during bacterial, fungal and
oomycete infection (Navarro et a., 2006; Park et al. 2007; Ruiz-Ferrer and Voinnet,
2009; Guo et a., 2011). Arabidopsis thaliana infected with the bacterial pathogen
Pseudomonas syringae exhibits increased expression of miRNAs that target
phytohormone pathways including auxin, asbscisic acid and jasmonates (Navarro et
al., 2006; Dunoyer et a., 2006; Fahlgren et al., 2007). In particular, the bacterial
flagellin (flg22) induces the abundance of the conserved miRNA miR393, whichisa
positive regulator of defense to bacterial infection in Arabidopsis (Navarro et al.,
2006; Dunoyer et a,. 2006).

Recent evidence in our laboratory suggests small RNAs may regulate the
defense response in soybean during the infection of the oomycete pathogen
Phytophthora sojae. Firstly, two P. sojae effectors can suppress small RNA
biogenesis and promote infection (Qiao et al., 2013). Furthermore, small RNA
profiling in soybean roots inoculated with P. sojae identified ten miRNAs that are
differentially expressed at the early infection stage. In particular, miR393, along with
six other miRNAS, was up-regulated in P. sojae-infected soybean roots. Finaly,
miR393 could also be induced by the cell wall prep of P. sojae. All together, these

pieces of evidence indicate a potentia role of miR393 in PAMP-induced immunity
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(PT1). In this Chapter, | performed experiments to determine the function of miR393

in soybean defense during P. sojae infection.

2.2.2 miR393 regulates auxin response

miR393 is a conserved miRNA found in multiple plant species and known to
target the key negative regulators of the auxin signaling pathway. Auxinisan
essential phytohormone that is synthesized from tryptophan and processed to indole-
3-acetic acid (IAA) (Bartel, 1997). It isrequired for cell elongation, and the
maintenance of the primary meristems and axillary meristems. Auxin transport and
localization influence organogenesis, structural plasticity, apical dominance, and
phototrophism. As such, this hormone contributes to numerous plant processesin
plant growth and development (Reed et al., 1998; Brady et al., 1998; Teadleet d.,
2006; Paponov et a., 2006; Mockaitis and Estelle, 2008).

A major regulatory mechanism of auxin signaling in plants involves the
transcriptional repressors Aux/IAA. In the absence of IAA, Aux/IAA dimerizes with
Auxin Response Factors (ARFS) to inhibit the transcriptional activation of auxin
responsive genes. Auxin promotes the protein-protein interaction of Aux/IAA with
the Transport Inhibitor Responsel (TIR1) protein and the Auxin Signaling F-box
(AFB) protein, which are subunits of the SKIP/CULLIN/F-BOX (SCF)-type ubiquitin
ligases. TIRY/AFB then target Aux/IAA for ubiquitinylation and the subsequent
degradation by the 26S proteosome. Following auxin triggered degradation of
Aux/IAA, ARFs form homodimmers and activate auxin response gene expression
(Figure 2.1) (Gray et al., 2001; Kepinski et al., 2001; Mallory et a., 2005; Bartel et

al., 2005; Tan et al., 2007).
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The auxin signaling pathway is subjected to regulation by several miRNAS.
mMiR160 and miR167 target auxin response factors. ARF1, ARF10, ARF16 and
ARF17 are regulated by miR160, while ARF6 and ARF8 are regulated by miR167
(Rhoades et al., 2002; Rubio-Somoza et al., 2009). miR393 directly targets the
transcription repressors TIRVAFB. Increased expression of miR393 leads to the
cleavage of TIRL/AFB transcripts, thereby suppressing auxin signaling (Navarro et

al., 2006; Feng et a., 2010; Vidal et a., 2010; S-Ammour et a., 2011).
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Figure 2.1 Auxin signaling pathway and regulation by miR393.

When auxin concentrations are low, Aux/IAA repressors associate with the ARF
transcriptional activators and repress expression of auxin responsive genes. When
auxin concentrations increase, auxin binds to the TIR1 receptor in the

SCF™'R* complex, leading to recruitment of Aux/IAA to the SCF™'™* complex. The
Aux/IAA repressors are subjected to ubiquitinylation-mediated degradation and the
auxin signaling pathway is activated.miR393 mediated regulation of the auxin

signaling pathway suppresses
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2.2.3 Auxin is manipulated during pathogen infection

Therole of auxin in cell growth makesit a valuable target for biotrophic
pathogens that feed on plant nutrients. Auxin production and transport have been
shown to be manipulated during pathogen infection. Many plant pathogens, such as
Agrobacterium spp. and Pseudomonas spp produce indole-3-acetamide (IAM), an
intermediate in the IAA synthesis pathway. Auxins produced by bacteria can induce
plant growth and the leakage of nutrients, which benefit bacterial multiplication
(Camilleri and Jouanin, 1991; Glickmann et al., 1998).

High levels of auxin can enhance disease progression in Arabidopsis plants
infected with the bacterial pathogen P. syringae (Navarro et al., 2006; Chen et al.,
2007; Kazan and Manners, 2009). Elevated levels (approximately three folds) of
auxin have been observed in Arabidopsis infected with P. syringae strain DC3000 at
48 and 96 hours post inoculation (Chen et a., 2007). Auxin accumulation was also
observed in rice and Arabidopsis infected by another bacterial pathogen Xanthomonas
oryzae (Fett et al., 1987; O'Donnell et al., 2003; Ding et al., 2008).

Since auxin seems to be a negative regulator of plant defense, plants employ
mMiRNAS to suppress the auxin pathway in response to pathogen infection to enhance
resistance. miR160, miR167 and miR393 were all found to be induced in Arabidopsis
after the infection of P. syringae (Fahlgren et al., 2007; Li et al., 2010). miR393 can
be induced after exposure to the bacterial flagellin, which is amajor Pathogen-
associated molecular pattern (PAMP) of P. syringae. Furthermore, over-expression of
miR393 enhances plant defense, suggesting that the induction of these miRNAsisa
basal defense mechanism against bacteria infection (Navarro et al., 2006; Navarro et

al., 2008). Consistently, Arabidopsis mutants dcl1 and henl, which lack essential

96



enzymes in MiRNA biogenes's, showed compromised resistance to P. syringae
infection, confirming an important role of mMiRNAs in plant defense (Navarro et al.,

2008).

2.2.3 miR393 regulates antimicrobial metabolite production in plants

Although the direct targets of miR393 are believed to be the auxin regulators
TIRVAFB, miR393 was found to also regulate secondary metabolism in plants,
presumably in an indirect manner.

Plants produce antimicrobial compounds in response to pathogen infection.
Well known examples of antimicrobial metabolites are phytoalexins, which contribute
to defense against many phytopathogenic organisms. Phytoalexins have been shown
to possess antimicrobial activities against viruses, bacteria, fungi and Phytophthora
(Yoshikawaet a., 1978; Kuc, 1995; Osbourn, 1999; Brunner et al., 2002).

Studies on signaling pathways that regulate the major Arabidopsis
phytoalexin, camalexin, revealed variable effects on plant resistance depending on the
specific infecting pathogen (Glazebrook, 2005; Ahujaet al., 2012). Camalexin isan
indole derivative. Camalexin biosynthetic genes are induced in response to the
bacterial pathogen P. syringae (Zhou et al., 1999; Heck et al., 2003) and necrotrophic
fungal pathogens, including Sclerotinia sclerotiorum, Alternaria brassicae and
Botrytis cinerea (Zhou et a., 1999; Ferrari et a., 2003; Walley et al., 2008; Rowe et
al., 2010; Stotz et al., 2011). However, a defect in camalexin production did not affect
Arabidopsis resistance to P. syringae; athough mutants impaired in camalexin
accumulation allowed enhanced disease progression of the necrotrophic fungal

pathogens (Zhou et al., 1999; Ferrari et al., 2003; Heck et al., 2003; Stotz et al., 2011).
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Recent studies have suggested that miR393 could indirectly modulate
secondary metabolism in infected Arabidopsis plants to enhance the production of
antimicrobial compounds that specifically target biotrophic pathogens (Robert-
Seilaniantz et al., 2011). Over expression of miR393 suppresses auxin signaling and
directs metabolic synthesis toward glucosinates and away from camalexin. This leads
to increased resistance to biotrophic pathogens, such as P. syringae, but decreased
resistance to necrotrophs (Kazan and Manners, 2009; Robert-Seilaniantz et al., 2011).

Soybean produces glyceollins, another major class of plant phytoalexins that
are isoflavonoid derivatives. Glyceollin production isinduced by P. sojae infection,
and the external application of glyceollins inhibits P. sojae growth in artificial media
(Lozovayaet al., 2004; Lozovayaet al., 2007; Lygin et al., 2010). Glyceollin
synthesis requires the enzymes i soflavone synthase (IFS) and chalcone reductase
(CHR). Silencing of IFSor CHR in soybean leads to decreased glyceollin levels and
enhanced susceptibility to P. sojae infection (Graham et al., 2007).

Because miR393 affects the accumulation of camalexin in Arabidopsis
(Robert-Seilaniantz et al., 2011), it is interesting to examine whether miR393 can

regulate glyceollin production in soybean during P. sojae infection.
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2.3MATERIALSAND METHODS

2.3.1 Soybean hairy roots induction

Soybean hairy roots were induced by Agrobacterium rhizogenes strain K599.
A. rhizogenes was grown and maintained with Luria-Bertani medium and
supplemented with antibiotics for plasmid maintenance. Transformation of A.
rhizogenes was performed using the freeze-thaw method as previous described (Chen
et a., 1994). A. rhizogene K599 cellsin a 1.5 mL centrifuge tube were frozen in
liquid nitrogen for 1 minute and thawed at 37°C. One ug of plasmid DNA is added to
the competent cells, which were incubated at 30°C for 5-6 hours with shaking at 200
rpm. The transformation mix was then plated on medium supplemented with
antibiotics to select for transformants.

A. rhizogenes K599 containing the plasmid pEG104 (Figure 2.2) or the
STTM393 construct were grown in Luria-Bertani broth at 25 °C for 2 days. The cells
were collected by centrifugation at 10,000 rpm and re-suspended in 10 mM MgSO, to
afina ODgg of 0.3. The cell suspensions were then used for the inoculation of
soybean cotyledons and the induction of hairy following an established protocol
(Subramanian et al., 2005).

Soybean cotyledons were removed from 5-7 day old seedlings and surface
sterilized by wiping with 70% ethanol. A circular incision was made near the petiole
end of each cotyledon and the wounded cotyledons were placed in a petri plate
containing 1% water agar. 20 uL of the A. rhizogenes cell suspension were spotted on
the wounds. Cotyledons were either inoculated with individual A. rhizogenes cell

suspensions or a 1:1 mixture of A. rhizogenes carrying STTM393 or pEG104
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respectively. The plates were wrapped in Parafilm to maintain high humidity and
incubated in a plant growth chamber at 22°C on a 12 hr. light cycle. Hairy roots

devel opment was monitored during a period of four weeks and the roots that exhibited
yellow fluorescence under a fluorescent microscope (Leica Microsystems) were used

for northern blotting and P. sojae infection.
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Figure 2.2 pEARLEY GATE binary vector utilized in the transformation of

A. rhizogenes.
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2.3.2 Construction of the STTM393 construct

The STTM 393 construct was obtained from Dr. Guiliang Tang (Michigan
Technological University). The construct is composed of two tandem gma-miR393
binding sites linked by a 88 nt spacer (Tang et al., 2012; Yan et a., 2012). The spacer
was synthesized first and used as template to amplify the core sequence of STTM393
using the forward primer,
CATTTGGAGAGGACAGCCCAAGCTTGATCAATGCGACTATCCCTTTGGAG
TTGTTGTTGTTATGGTCTAG, and reverse primer,
CTGGTGATTTCAGCGTACCGAATTCTCCAAAGGGATAGTCGCATTGATCAT
TCTTCTTCTTTAGACCATA. The gma-miR393 binding site contains miR393
perfect complementary binding sequences with the exception of the “CUA” bulges
that prevent miR393 mediated cleavage of the STTM393 transcript (Figure 2.3). The
core sequence of STTM 393 was inserted between the 35S promoter and the Nos-
polyA terminator in areconstructed pPCAMBIA1300 vector (Figure 2.4). The
recombinant plasmid was transformed into A. rhizogenes K599 for hairy root

induction.
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Figure 2.3 A diagram showing the design of STTM 393 construct.

The STTM393/393 construct is composed of two tandem binding sites for miR393
that are linked by a 88 nt spacer. The STTM393/393 is expressed using a 35S
promoter and a Nos-polyA terminator. The miR393 binding sites on STTM393/393
contain miR393 perfect binding sequences except the “CUA” bulge that prevents the
cleavage of STTM393/393 by miR393. Binding of STTM393/393 by miR393 leads to

the degradation of mature miR393 in plants.
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Figure 2.4 Physical map of the binary vector, pCambial300, which houses the

STTM393 construct.
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2.3.3 Evaluation of the transcript abundance of isoflavone biosynthetic genes

Quantitative RT-PCR (qRT-PCR) was performed using iQ™ SYBR® Green
Supermix and a CFX96 Real-Time PCR Detection System (BioRad). Total RNA was
extracted using Trizol, and DNA was removed with DNase | (Fermentas). 5 ug of
total RNA was used to synthesize cDNA using M-MLV Reverse Transcriptase
(Promega). Quantitative PCR was performed using gene specific primers for
GmHID1 (Glyma01g45020) and GmIFSL (Glyma07g32330). GmUBI

(Glyma20g27950) was used as the internal control.

Forward Primer Reverse Primer
GmHID1 GGCCGAAGGAGATAGT GAAAGAGC GIGTGGTGGGATTTGGGAAGG
GmIFSL ACCGAGGAGCTTCTCAAATG TGAAGTCAGIGAGCGCTGTATTC
GmUbi3 GACCAGCAGCGCCTGATTT GGACAAGGTGAAGGGT TGAT

2.3.4 P. sojae infection assay on hairy roots

Hairy roots expressing YFP or Y FP+STTM 393 were removed from the
cotyledons and inoculated with P. sojae zoospores induced from a P. sojae P6497
strain carrying the plasmid pTOR::GFP, which confers constitutive expression of
GFP (Y uanchao Wang, unpublished data). P. sojae was grown for three days in Petri-
dishes containing 10% V8 broth at 25°C. The mycelia were rinsed twice, and then
flooded with sterile distilled water overnight at 25°C to rel ease the zoospores.
Detached hairy roots were immersed in the zoospore suspension (approximately 5000

zoospores/pL) for 60 seconds.
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Inoculated roots were placed in 1% water agar plates and incubated at room
temperature in the dark. Disease progression was monitored at 8, 24, 36, and 48 hpi.
The number of roots that allowed oospore development were numerated using a Leica
MZFLI1I stereo microscope. The biomass of P. sojae hyphae was also determined at
48 hpi by quantitative PCR using primers amplifying the Phytophthora cox spacer

region and the actin gene (Duo et al., 2008; Grinwald et al., 2011).

Forward primer Rever se primer
PsCOX | AAAAGAGAAGGTGTTTTTTATGGA | GCAAAAGCACTAAAAATTAAATATAA
PSACT | ACTGCACCTTCCAGACCATC CCACCACCTTGATCTTCATG
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24RESULTS
2.4.1 Repression of miR393 in soybean hairy roots expressing STTM 393

The up-regulation of miR393 in multiple plant species following pathogen
exposure indicates a conserved mechanism wherein miR393 induction promotes
resistance to pathogens. | hypothesized that a reduction of gma-miR393 would
enhance P. sojae infection of soybean plants. To evaluate the contributions of miR393
in soybean defense against P. sojae, we employed the Short Tandem Target Mimic
(STTM) technique (Tang et a., 2012; Yan et al., 2012) to knock down the mature

miR393 levels in soybean roots.

Functional analyses of miRNAs are technically challenging especially when
they are generated from multiple MIR loci. Soybean has a tetraploid genome with 12
potential MIR393 loci (Turner et a., 2012); it is therefore impracticable to generate
soybean mutants with the MIR393 knocked out or silenced. We generated hairy roots
with reduced levels of mature miR393 using a STTM construct, which contains two
binding sites of miR393. The STTM technology is based on the target mimicry
phenomenon discovered in Arabidopsis, wherein the transcript of INDUCED BY
PHOSPHATE STARVATION 1 (IPSL1) regulates miR399 (Franco-Zorrilla et al., 2007;
Yan et a., 2012). The IPSL transcript is partially complementary to miR399, leaving a
3 nt bulge between the two RNA strands. As such, IPSL transcript can not be cleaved
by miR399; rather the formation of IPSL/miR399 duplex |leads to the suppression of
miR399 activity. Similarly, a STTM construct, designed to knock down a specific
mMiRNA, carries two binding sites of the miRNA that can not be degraded by the

mMiRNA. When expressing in plant cells, the STTM transcripts specifically form
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complexes with the target miRNA, which triggers the degradation, and thus reduced

abundance, of the miRNA.

Using Agrobacterium rhizogenes-mediated hairy root system (Subramanian et
al., 2005), we generated transgenic soybean roots expressing the 35S-STTM393
construct. Cotyledons were inoculated with A. rhizogenes strain K599 harbouring two
plasmids, one carrying 35S-STTM393 and the other carrying 35S-YFP. Roots
expressing 35S-STTM393 were isolated based on the expression of yellow
fluorescence because it is known that not all hairy roots express the exogenous gene
(Figure 2.5). Northern blotting demonstrated that the STTM393-expressing roots
showed an approximately 70% reduction in the level of miR393 compared to roots
only expressing Y FP, confirming that the STTM393 construct effectively targeted

miR393 for destruction (Figure 2.6).
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Figure 2.5 Transformed soybean hairy root are visualized by fluorescent microscopy.
Hairy roots were induced by Agrobacterium rhizogenes carrying 35S YFP or 35S
YFP+35S-STTM393. Transgenic roots were selected by the production of yellow
fluorescence as shown in the images (5X magnification; bar equals 4 mm). Knocking
down miR393 seems to affect the development of hairy roots. Thisis reflected by the
observations that fewer hairy roots were generated from soybean cotyledons

expressing the STTM393 construct.
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Figure 2.6 miR393 levels were largely decreased in soybean roots expressing the
STTM393 construct.

Northern blotting was used to determine the abundance of miR393 in the transgenic
hairy roots. U6 served as aloading control. Numbers below each blot image
represents the abundance of the miRNA relative to the mock-infected sample. This

experiment was repeated twice with similar results. Mean standard deviation is £2.
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2.4.2 miR393 knocked down roots were hypersusceptible to P. sojae

| then examined P. sojae infection in the 35S YFP and STTM393-expressing
roots, which were dip-inoculated with zoospore suspensions. | used a transgenic line
of P. sojae P6497 that expresses green fluorescence protein (GFP) to facilitate the
infection progression analysis using microscopy. Numbers of roots that supported
hyphae penetration and oospore development at the inocul ated area were numerated at
24, 36 and 48 hpi. Note that although Williams 82 is aresistant host, hyphae
penetration and oospore development could still be observed in a small region of the
inoculated roots, but the infection was restricted to the inocul ated tissuesin these

roots.

My experiments showed that the STTM393-expressing roots were hyper-
susceptible to P. sojae. In Williams 82, | observed both accel erated and enhanced
oospore development in roots expressing STTM393 (Table 2.1 and Figure 2.7).
Enhanced susceptibility of STTM393-expressing roots was also evident in the
susceptible cultivar Harosoy, as the devel opment of oospores was accelerated (Table
2.1). The difference of STTM393-expressing roots and the control in Harosoy was not
as significant asin Williams 82. This was expected because P. sojae P6497 is already

a potent pathogen of Harosoy.

Enhanced infection in STTM393-expressing roots was also supported by an
increase in Phytophthora hyphae biomass, which was evaluated in the infected tissues
at 48 hpi. The abundance of P. sojae-specific DNA PsCOX and PSACT was

quantified using gPCR, which showed an approximately two fold increase in the
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STTM393-expressing roots (Figure 2.8). Taken together, these data strongly suggest

that miR393 is a positive regulator of soybean defense against P. sojae infection.
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Table 2.1 miR393 contribute to defense against P. sojae infection.

Soybean hairy roots expressing Y FP or STTM393 were inocul ated with zoospores of
the P. sojae strain P6497. Number of infected hairy roots, represented by the
formation of P. sojae oospores, in the soybean cultivars Harosoy (susceptible) and

Williams 82 (resistant) at 48 hours post inoculation.

No. of infected roots in Harosoy

Repeat 1 Repeat 2 Repeat 3
YEP 11/11 7/9 17/25
YFP+ 11/12 9/9 18/24
STTM393
No. of infected roots in Williams 82
Repeat 1 Repeat 2 Repeat 3
11/22 6/15 4/16
YFP
YFP + 15/17 11/12 16/20
STTM393
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Figure 2.7 miR393 is a positive regulator of soybean defense against P. sojae
infection.

Hairy roots of soybean cultivar Williams 82 expressing Y FP or STTM393 were
inoculated with zoospores of the P. sojae strain P6497 expressing GFP. Fluorescent
microscopy was used to monitor the disease progression of P. sojae on transformed
hairy roots at 24, 36, and 48 hours post inoculation (hpi). Note that STTM393-
expressing roots exhibited accelerated and enhanced formation of oospores. The red
arrow labels Phytophthora hyphae and the yellow arrow labels oospores. Bar equals

1mm.
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Figure 2.8 STTM393-expressing soybean roots were hyper-susceptible to P. sojae. P.
sojae biomass was evaluated by gPCR amplifying P. sojae-specific DNA fragments
PsCOX and PSACT at 24 hpi. The soybean gene GmUBI was used as an internal

control. * denotes data with statistically significant differences.
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2.4.3 miR393 regulates the expression of isoflavonoid biosynthetic genes

I next seek to understand the underlying mechanism of miR393-mediated
resistance in soybean during P. sojae infection. miR393 is known to directly repress
auxin receptor genes; however, a recent report suggested that miR393 can also
modulate secondary metabolism in infected Arabidopsis plants to enhance the
production of antimicrobial compounds that specifically target biotrophic pathogens
(Robert-Seilaniantz et al., 2011). Soybean produces glyceollins that can inhibit P.
sojae growth (Lygin et al., 2010). | therefore examined potential impacts of miR393
on glyceollin production by evaluating the expression of genes required for the
biosynthesis of isoflavones, which are precursors of glyceollins. In particular, |
measured the transcript levels of GmHID1 and GmIFSL, which encode enzymes
catalyzing two consecutive steps in the isoflavone biosynthetic pathway (Lygin et al.,

2010; Lozovayaet a., 2007).

Using gRT-PCR, | found that both GmHID1 and GmIFS1 were significantly
induced by P. sojae at 8 hpi in soybean (Figure 2.9). Remarkably, STTM393-
expressing roots exhibited drastically reduced expression of these two genes with or
without P. sojae infection (Figure 2.9). These data demonstrated that miR393
positively regulates isoflavonoid biosynthesis, which is required for the production of
glyceollins. A potentialy reduced level of glyceollinsin the STTM393-expressing

roots may then contribute, at least partially, to the enhanced susceptibility to P. sojae.
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Figure 2.9 miR393 regul ates i soflavone synthesis.

STTM393-expressing soybean roots exhibited reduced expression of GmHID1 and
GmIFSL as determined by gRT-PCR. Values represent averages from two
independent biological replicates and error bars represent standard deviations. *

denotes statistically significant difference (p<0.01).
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2.5DISCUSSION

The highly conserved miR393 primarily regulates plant development through
targeted degradation of TIRL/AFB auxin receptors and repression of auxin signaling.
The role of miR393 in plant defense has also been reported in Arabidopsis. Over-
expression of miR393 in Arabidopsis leads to enhanced resistance against the
bacterial pathogen P. syringae (Navarro et al., 2006) and the oomycete pathogen
Hyal operonospora parasitica (Robert-Seilaniantz et a., 2011). Accumulation of
miR393 was triggered by exposure to microbial PAMPs, such as flagellin of P.
syringae (Navarro et a., 2006). My previous results showed that miR393 is also
induced in soybean root after exposure to heat-inactivated P. sojae, suggesting that
miR393 isinduced by Phytophthora PAMPs. Cell surface proteins of Phytophthora
PEP-13 and glucans can trigger plant defense responses, such as the production of
phytoalexin and the activation of the salicylic acid signaling pathway (Brunner et al.,
2002). Although we do not know which PAMP in P. sojae heat-inactivated cellsis
responsible for the induction of miR393, my results are consistent with arole of

miR393 in plant basal defense.

Target mimicry proves to be a useful tool in determining function of specific
miRNAs. Using the STTM393 construct, we effectively knocked down the levels of
mature miR393 in soybean roots. Consistent with the prior observationsin
Arabidopsis during bacterial infection, soybean with reduced miR393 levels exhibited
significantly enhanced susceptibility to P. sojae. Taken together, these findings

suggest that miR393 positively regulates plant defense against bacterial, fungal and
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oomycete pathogens (Navarro et al., 2006, Zhang et al., 2011, Robert-Seilentz et al.,

2011).

As aresult from the reduced miR393 levels, P. sojae mycelium invaded the
STTM393-expressing root tissue at an earlier time point and developed a greater
number of oospores when compared to roots only expressing Y FP. It islikely that
miR393 positively regulates the expression of defense-associated genes in plantsto
attenuate pathogen infection. Some of these genes might be involved in the regulation
and biosynthesis of phytoalexinsin the plant. Plants produce phytoalexins as
antimicrobial compounds. In soybean, the major phytoalexins are glyceollins, which
are produced from isoflavones as precursors. External application of glyceollins
inhibits the growth of P. sojaein vitro (Lygin et al., 2010). My data showed that the
isoflavone biosynthetic genes, and likely the production of isoflavones, areinduced in
soybean roots at the early stage of P. sojae infection. These data suggest a direct
inhibitory effect of glyceollins on P. sojae. In the STTM393-expressing roots, two key
genesin the isoflavone biosynthetic pathway were no longer induced by P. sojae.
Suppression of miR393 activity likely leads to the inability of the plantsto
accumulate glyceollins, and may subsequently increase their susceptibility to P. sojae

infection.

Taken together, my experiments suggest that miR393 plays an important role
as apositive regulator of basal defense in soybean against P. sojae. Further
experiments using soybean hairy roots over-expressing miR393 will provide

additional evidence to confirm this conclusion.
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CHAPTER 3. PHASED SMALL INTERFERING RNAS (PHASIRNAYS)
REGULATE PLANT IMMUNITY
3.1 ABSTRACT

Plant innate immunity is a counter measure to prevent infection following the
recognition of a potential pathogen. Immune response isinitiated following the
perception of pathogen-associated molecular patterns, known as PAMPs. PAMP-
triggered immunity (PTI) is considered the basal plant defense that protects plants
from the majority of potential pathogens. Another branch of plant immunity is
effector-trigger immunity (ETI), which is activated when plants detect specific
effector proteins secreted from a pathogen into the host cell. Recognition of effectors
leads to the activation of intracellular receptors that often contain a conserved nuclear-
binding leucine rich repeat (NB-LRR) domain. ETI usually associates with rapid but
restricted programmed cell death within the infected region, also known as the
hypersensitive response (HR).

Recent research suggests an integral role of plant small RNAs in the regulation
of immune response. | analyzed the small RNA profile in soybean roots infected with
the oomycete pathogen Phytophthora sojae. This analysis revealed specific
microRNAs (MiRNAs) and small interfering RNAs (sSSRNAS) that are differentially
expressed during infection. Interestingly, | found a significant induction of secondary
siRNAs that are produced from miRNA-targeted loci in P. sojae-infected plants.
These so-called phased sSiRNAs, or phasiRNAs, mainly regulate genes encoding NB-
LRR proteins and the pentatricopeptide repeat (PPR) proteins. Since both classes of
proteins are potentially involved in plant immunity, their regulation by miRNAs and

phasiRNAs might be an important mechanism in plant defense.
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3.2INTRODUCTION
3.2.1 Plant defense mechanism against pathogens

PAMP-triggered immunity (PT1) and effector-triggered immunity (ETI) are
two major branches of plant innate immunity that have been evolved to ward off
pathogens. PTI, asabasa defense, isinduced by the recognition of pathogen-
associated molecular patterns (PAMPs), which are conserved and often indispensable
elicitors on the cell surface of a pathogen. PAMP recognition is accomplished by the
membrane bound pattern recognition receptors (PRR) proteins with extracellular
ligand-binding domains (Zipfel and Robatzek, 2010). Activation of PTI elicits defense
signal transduction that leads to immune responses including the reactive oxygen
species (ROS) production, cell wall fortification and the secretion of antimicrobial
compounds (Zhang and Zhou, 2010).

So far, PAMPs have been identified from bacteria, fungi and oomycetes. For
example, flagellin, elongation factor Tu (EF-Tu) and lipopolysaccharides (LPS) are
well-known PAMPs of bacteria (Zhang and Zhou, 2010; Zipfel and Robatzek, 2010);
chitin, ergosterol and beta-glucans in fungi (Granado et al., 1995; Kishimoto et al.,
2011), and PEP-13 and beta-glucans in Phytophthora (Brunner et al., 2002;
Klarzynski et al., 2000) have also been shown to trigger plant defense response. The
best characterized PAMP is the flg22 peptide of the amino terminus of bacterial
flagellin. FIg22 directly bindsto the Arabidopsis PRR FLS2 (Boller and He, 2009;
Zipfel, 2009), and together with the co-receptor BAK1, this receptor complex
activates defense signaling (Sun et al., 2013).

ETI depends on the recognition of specific effector proteins of pathogens and

the activation of their cognate intracellular Resistance (R) proteins (Jones and Dangl,
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2006). Pathogens secrete effectors as virulence factors, many of which can enter the
host cell. Although the fundamental function of pathogen effectorsisto overcome
host defense, plants have evolved R proteins, which detect the activities of specific
effectors and trigger robust defense response. ETI often lead to a hypersensitive
response (HR) with the hallmark of localized cell death in the infected region, which
effectively restricts the spread of the pathogen. The recognized effectors are then
designated avirulence proteins (Avr).

Canonica R proteins are intracel lular receptors containing the nucleotide-
binding leucine-rich repeat (NB-LRR) domain. Some R proteins directly bind to the
corresponding effector, such as the Pi-ta protein in rice that recognizes AvrPita
produced by the fungal pathogen Magnaporthe oryzae (Huang et a., 2008; Kamoun,
2007). More often, R proteins recognize the presence of effectorsin an indirect
manner. The indirect recognition of effectorsisillustrated as the Guard Model or the
Decoy Model (Dodds and Rathjen, 2010; van der Hoorn and Kamoun, 2008). For
example, the type I11 effectors AvrRpm1, AvrB and AvrRpt2, produced by the
bacterial pathogen P. syringae, are recognized by NB-LRR proteins RPM 1 and RPS2,
respectively, in Arabidopsis. However, these effectors do not directly interact with the
R proteins; rather they all target an Arabidopsis protein called RIN4. AvrB and
AvrRpm1 induce the phosphorylation of RIN4, which is monitored by RPM 1;
AvrRpt2 hydrolyzes RIN4 with a cysteine protease activity, and the degradation of
RIN4 is monitored by RPS2. The activation of RPM 1 and RPS2 due to the
modifications of RIN4 leadsto ETI; and RIN4 is considered the "guardee” of these R

proteins (Day et a., 2005; Ritter and Dangl, 1996).
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3.2.2 Therole of NB-LRRsin plant immunity

Most R proteins have a C-terminal leucine rich repeat (LRR) domain, a central
nucleotide binding (NB) domain and a N-terminal domain that either has a coiled-coil
(CC) matif or atoll/interleukin 1 receptor (TIR) domain (Caplan et a., 2008; Eitas
and Dangl, 2010; Takken et a., 2006).

The N-terminal TIR1 or CC domains have been shown to suppress the
activation of the NB-LRR proteins. For example, a truncated mutant of the
Arabidopsis R protein RPS5 with the CC domain deleted promotes HR in the absence
of its guardee PBS1, which could be modified by a bacterial effector AvrPphB (Qi et
al., 2012). In addition, swapping of LRR domain between two different but
paralogous tomato R proteins, Mi-1.1 and Mi-1.2, leads to constitutive activation of
the NB-LRRs and disease-like symptoms (Hwang and Williamson, 2003; VVan Ooijen
et a., 2008). The NB-LRR domainisinvolved in protein-protein interactions.
Interaction with the effector or the guardee at the LRR domain triggers a
conformational change followed by a second conformation change at the N-terminus
of either the TIR or CC domain in order to activate downstream signaling (Takken
and Tameling, 2009).

Some NB-LRRs are rel ocated from the cytoplasm to the nucleus following
activation and may directly affect gene expression (Burch-Smith et a., 2007; Shen
and Schulze-Lefert, 2007). The Arabidopsis TIR-NB-LRRs, RRS1 and RP$4, and the
barley CC-NB-LRR MLA10 require nuclear localization to activate defense responses
(Burch-Smith et al., 2007; Cheng et a., 2009; Shen and Schulze-Lefert, 2007). RRS1
and RP$4 also contain DNA binding domains and therefore were hypothesized to

function as transcription factors to directly induce defense-associated gene expression.
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3.2.3 MiRNA regulation of NB-LRR genes

NB-LRR proteins are tightly regulated in plants since their activation often
leads to programmed cell death. Over-expression of NB-LRR genes causes auto-
immune symptoms (Eitas and Dangl, 2010; Gabriéls et al., 2007). Therefore, precise
regulation of the expression of NB-LRR genes is necessary to ensure proper
resistance. Mechanisms of NB-LRR gene regulation at the post-transcriptional level
include alternative splicing, such as the Arabidopsis RP$4 (Zhang and Gassmann,
2007), and small RNA-mediated regulation.

One of thefirst experimental evidence suggesting that small RNAs have
significant contributions to NB-LRR gene regulation came from a study on the N
protein, which confers resistance to the tobacco mosaic virus (TMV) in Nicotiana
benthamiana (Li et a., 2012). Li et al discovered that during TMV infection, N.
benthamiana plants produce two miRNAs, miR6019 and miR6020, that target the
transcripts of the N gene and lead to their cleavage (Li et al., 2012).

Following this discovery, several other miRNAs were also identified to
regulate NB-LRR genes. One of them is miR482, which is a conserved miRNA family
that is predicted to regulate a variety of targetsincluding NB-LRR genes (Li et al.,
2010; Shivaprasad et al., 2012; Zhai et al., 2011). The miR482 family has
approximately 30 isoformsin multiple plant species (Shivaprasad et al. 2012).
miR482 potentially regulates at least 58 NB-LRR targets in tomato (Eckardt, 2012; Li
et a., 2012; Shivaprasad et a., 2012) and it was down-regulated in tomato plants
infected with Turnip Crinkle Virus (TCV), Cucumber Mosaic Virus (CMV) and

Tobacco Rattle Virus (TRV) (Shivaprasad et al., 2012). | identified one NB-LRR gene
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that is potentially targeted by miR482 in soybean. My experiments showed that
miR482 level was aso reduced in soybean roots infected with the oomycete pathogen
Phytophthora sojae (Chapter 1 of this thesis). On the contrary, miR482 was induced
in soybean during nodulation (Li et al., 2012). These results indicate that miR482 may
regul ate plant defense response through its regulatory activity of NB-LRR genes.

My analysis on the small RNA profilesin soybean roots infected with the P.
sojae revealed several miRNASs that primarily regulate NB-LRR genes and are induced
during infection. Four miRNAs, miR1507, miR1509, miR1510 and miR2109 were all
found to be up-regulated in P. sojae-infected roots based on small RNA sequencing
data; and the induction of miR1507 and miR2109 was also confirmed by northern
blotting. Furthermore, | also observed reduced expression of several predicted NB-
LRR targets of miR1507 and miR2109 in P. sojae-infected soybean roots, consistent
with the increased abundance of the miRNAs. These data demonstrate that NB-LRR
genes are subjected to the regulation by multiple miRNAs in soybean during pathogen

infection.

3.2.4 phasiRNA production from miRNA-targeted NB-LRR loci
An interesting perspective of NB-LRR targeting miRNAs is that many of them
are 22 nt in length, although plant miRNAs are predominantly 21 nt long. 22 nt
miRNASs can trigger the production of secondary ssRNAs from their target transcripts.
These sRNAs are referred as phasiRNASs because they arein 21 nt register from one
another (Allen et a., 2005; Chen, 2010; Cuperus et al., 2010; McHaleet al., 2013).
Secondary siRNAs are a class of small sRNAs produced by miRNA directed

cleavage of a TAS or PHAS transcript (Allen et al., 2005; Cuperus et al., 2010;
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McHale et a., 2013; Vazquez et a., 2004; Y oshikawa et a., 2005). In Arabidopsis,
there are four TAS gene families, whose transcripts can be targeted by the 22 nt
MiRNAs miR173, miR390 or miR828 (Cuperus et a., 2010). The TAStranscripts are
then recruited to the RISC complex (Fei et a., 2013), where the miRNA-mediated
cleaved transcript fragments are used as templates for the synthesis of double-
stranded RNAs by RNA POLYMERASE 6 (RDR6). DICER-LIKE 4 (DCL4) then
cleaves the dsRNA into 21 nt SsSRNAs. These siRNAs can regulate the expression of
genes with restricted sequence similarity with their parent loci in trans and therefore
designated trans-acting SIRNAs (tasiRNAS). The biosynthesis of phasiRNAs are the
same with that of the tassRNAS, but they may regulate gene expression in cisand/or in
trans (Zhai et al., 2011). Genes that generate phasiRNAs are called PHASI oci.
(Figure 3.1) (Cuperuset al., 2010; Gasciolli et a., 2005; Howell et a., 2007).
Specific phasiRNAs target plant defense genes, including NB-LRR (Cuperus et
al., 2010). It is suggested that a major class of PHASIoci are NB-LRR genesin
legumes (Shivaprasad et a., 2012; Zhai et a., 2011). Approximately 70% of the
identified PHASIoci in the model legume Medicago truncatula encode potential NB-
LRR proteins. Most of the phasiRNA-generating NB-LRR genesin M. truncatula are
targets of miR1507, miR2109 and miR2118 (Zhai et al. 2011). As such, these
miRNAs could be central regulators of a potentially large number of NB-LRR genes.
Intriguingly, both miR1507 and miR2109 were found to be up-regulated in P.
sojae-infected soybean roots (Chapter 1 of thisthesis). These results lead to our
hypothesis that the induction of phasiRNAs from NB-LRR genes may potentially lead

to regulation of alarge number of NB-LRR genes during P. sojae infection.
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Figure 3.1 Biogenesi s pathways for tasiRNAs and phasiRNAS.
miRNA-directed cleavage of a TAS or PHAS transcript provides templates for RDR6-
dependent synthesis of dsRNA, which isfurther processed by DCL4 into 21-nt in-

phased sSIRNAs (adapted from Chen, 2012).
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3.2.5 Pentatricopeptide repeat (PPR) genes contribute to plant defense

Another gene family that has been known to be regulated by secondary
siRNAs in plants encodes proteins containing the Pentatricopeptide Repeat (PPR)
motif. The TASL and TAS2 tasiRNAS, generated by the 22 nt miR173 (Cuperuset al.,
2010; Fei et a., 2013; Howell et a., 2007; Y oshikawa et a., 2013), target several
PPR genes (Allen et a., 2005; Howell et a., 2007). There are approximately 450 PPR
genesin Arabidopsis, comprising of approximately 1% of the nuclear genomes.
Although the function of most PPR proteins have yet to be determined, some of them
were demonstrated to be involved in regulating mitochondrial and chloroplast
functions (Fujii and Small, 2011; Schmitz-Linneweber and Small, 2008).

Recent findings showed that PPR proteins play critical rolesin post
transcriptional regulation of organelle gene expression through their RNA editing
activity (Kobayashi et a., 2012; Koteraet a., 2005; Lurin et a., 2004; O'Toole et al.,
2008). The PPR domainsin different PPR proteins share sequence similarity and arise
in related gene regions, suggesting that they may have evolved from a small number
of ancestral genes and subjected to conditions that promoted gene expansion and
diversification. Similarly, NB-LRR proteins are also highly expanded and diversified
in plants (Caplan et al., 2008; Eitas and Dangl, 2010; Shivaprasad et al., 2012). It is
intriguing to hypothesize that phasiRNA-mediated regulation is an effective strategy
to regulate large gene families.

PPR proteins have also been implicated to regulate plant defense. In
Arabidopsis, PENTATRICOPEPTIDE REPEAT PROTEIN FOR GERMINATION
ON NaCl (PGN) positively regulates resistance against the necrotrophic fungal

pathogen Botrytis cinerea. Loss of PGN function results in enhanced susceptibility to
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B. cinerea infections (Laluk et al., 2011). In addition, the Arabidopsis LOVASTATIN
INSENSITIVEL (LOI1) isaPPR protein that regulates isoflavonoid biosynthesisin
response to B. cinerea infection (Kishimoto et al., 2005; Kobayashi et al., 2007).
LOI1 mutant plants have decreased sensitivity to isoflavones and the phytotoxin
lovastatin resulting in enhanced susceptibility to B. cinerea (Kishimoto et al, 2005;
Kobayashi et al., 2007).

Recently, our laboratory identified an effector from P. sojae, called
Phytophthora Suppressor of RNA silencing 2 (PSR2), that specifically interferes with
the biogenesis of tasiRNASs produced from TASL and TAS2 in Arabidopsis (Qiao et
al., 2013). PSR2 significantly promotes Phytophthora infection, indicating that
phasiRNAs regulating PPR gene expression could contribute to defense response in

plants.
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3.3MATERIALSAND METHODS

3.3.1 Soybean germination and growth

Harosoy and Williams 82 seedlings were sterilized in 10% bleach and
germinated in a petri dish lined with moist filter paper. Seedlings were incubated in
the dark at room temperature for approximately one week. Germinated seeds were
transferred to sterile pouches infused with B& D nutrient solution and grown in a
growth chamber (28°C at a 12 hour light cycle) for about two weeks until the primary

roots were approximately two inchesin length (Subramanian et al., 2008).

Phytophthora sojae strain P6497 is cultured at room temperature in the dark
on V8 mediafor approximately one week. Soybean roots were infected with P. sojae
by placing mycelial plugs on top of the roots as previously described (Zhou et d.,
2009). Inoculated roots were placed in the dark for 8 and 24 hours before the infected
tissues were collected for RNA extraction. Mock-treated roots were treated in the

same way, but with sterile agar plugs.

3.3.2 Total RNA Extraction

Up to 200 mg of root tissue was used for total RNA was extracted from P.
sojae-infected or mock-treated root tissues by Trizol (Invitrogen) as described in
Chapter 1.3.2. RNA quality and concentration was determined by spectrophotometer

(Thermo Scientific Nanodrop 1000).

144



3.3.3 Identification of phasiRNAs

PhasiRNA analysis was performed as described previously (De Paoli et al.,
2009). We identified 21-nt in-phase signatures from the small RNA libraries. The
numbers of signatures were counted within 210 bp (10 phases) through the University
of Delaware Legume Next-Gen Sequence DataBases soybean sSRNA database
(http://mpss.udel .edu/soy_sbs/). Genomic regions with phasing scores greater than 15
were considered as PHAS oci. These regions were then mapped to the soybean

genome sequence to determine gene identities.

3.3.4 Northern blotting of small RNAs

Five uL of total RNA was fractionated by polyacrylamide urea gels and then
transferred to a Hybond-NX nylon membrane. The RNA samples were hybridized
with y-*2P-labelled probes with sequences complementary to specific miRNAs.
miRNA probes were generated from synthesized oligonucleotides with the antisense
sequence of targeted miRNAs. phasiRNA probes were generated using amplified 300-
500 bp PCR products that encompass the phasiRNA-generating regions (Table 3.1).

Following overnight hybridization, membranes were placed into a cassette and
exposed to a phosphor screen for at least 12 hours. Phosphor screens were scanned
with the Molecular Dynamics Typhoon imager and images processed with the

ImageQuant TL software (GE Healthcare Life Sciences).
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Table 3.1 Primers used for gRT-PCR and the amplification of phasiRNA probes.

GenelD

Forward Primers

Reverse Primers

Pentatriopeptide Repeat (PPR) genes

Glyma09g07290 |GTTTGATGAAGCTTTGGCCATTA GGAGAAGTTTCTCGGCCTTATC
Glymal6g28020 |[TTCCTGATGCAGCGACATATAG TCAGGGAGAATTACTACTGCCTTGAGTC
Glymal6g31950 |GATTACTGAGGAAGCTGGAAGG GAGTACACATCACAGGCATCTC
Glymal6g32030 IAAGGGTGGAAGACTTGAGAATG AACAGGCCCGCTTTACAA

phasiRNA Probes

Glyma06g39720 [TGGGAATTTTCAGAAGAGGAC GAGATAAAACCCGTAAGAACT
Glymal5g35920 |AGGTGATAGTGGAGACCTAGAA TGTTGTCCTAGATATGGGCATAAA
Glyma03914900 IAAGGACTGTAAGAGCTAATGG TCCAACAAACGTGTAACATTT
Glymal6g34000 [CCATCTTTGAAATGATAGCCAGAC |JAATAATGGCTGCGACAACAC
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3.3.5 Quantitative RT-PCR of miRNA target transcripts

Prediction of soybean small RNAS target transcripts was performed utilizing
the online plant small RNA analysis server: PSRNATarget
(http://plantgrn.noble.org/psRNATarget). Small RNA sequences were submitted and
scored against the soybean genome with at an expectation cut-off threshold of 3.0.
The complementary length range was set to 20 bp and the allowed energy to unpair

the target site set to 25UPE.

The abundance of the miRNA target transcripts was determined by qRT-PCR
using iQ™ SYBR® Green Supermix and areal time PCR machine (BioRad CFX-96)..
Five ug of purified RNA was used to synthesize cDNA using M-MLV Reverse
Transcriptase (Promega). Gene-specific primers (Table 3.1) were designed to flank
the predicted miRNA-binding site of the target genes. GmUBI was used as the internal

control.
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34RESULTS
3.4.1 miR1507 and miR2109 regulate NB-LRR genes and trigger phasiRNA

production during P. sojae infection

Among the miRNASs that were differentially accumulated in the P. sojae-
infected soybean roots, miR1507 and miR2109 are interesting because they are
predicted to target NB-LRR genes. Consistent with the enhanced accumulation of
miR1507 and miR2109, several NB-LRR genes that are predicted to be targeted by

these miRNAs were repressed during early P. sojae infection (Table 1.7, Figure 1.13).

miR1507 isaconserved 22 nt miRNA in legumes that is known to trigger the
production of phasiRNAs from their target transcripts in soybean. Consistent with
previous reports, | found that miR1507 was exclusively 22 nt in length in soybean
with or without P. sojae infection (Table 1.3). To examine the production of
miR1507-dependent phasiRNAS, we calculated the Phasing score (Zhai et al., 2011)
of each miR1507 target locus using the Illumina sequencing data. This analysis
revealed two phasiRNA-generating NB-LRR loci Glyma04g29220 and
Glyma06g39720, from which the production of phasiRNAs was particularly evident
in the P. sojae-infected roots (Fig 3.2). | further confirmed the enhanced accumul ation
of phasiRNAs derived from Glyma06g39720 in P. sojae-infected tissues using
northern blotting (Figure 3.4). These siRNAs are clearly “phased” in 21 nt intervals

from the predicted cleavage site of miR1507 (Figure 3.5).

phasiRNAs could act in cisto repress the target loci or in transto regulate a

potentially large number of genes. Consistent with the induction of both miR1507 and
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the phasiRNAs, Glyma06g39720 exhibited a much greater level of reduction in
transcript abundance compared to another miR1507-targeted NB-LRR gene
Glymal5g35920 (Figure 3.3), from which the production of phasiRNAs was not
detected (Figure 3.2, Figure 3.5). These data suggest that miR1507-depedent
phasiRNA production was induced to regulate NB-LRR gene expression during P.

sojae infection.
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Figure 3.2 phasiRNA-generating loci were identified from miR1507 target NB-LRR
genes. Phasing scores were calculated from all the predicted target loci of these two
miRNAs with three representative loci from each miRNA presented in the graphs.

Phasing scores >15 are considered as PHAS | oci.
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Figure 3.3 NB-LRR genes targeted by miR1507 were repressed during P. sojae
infection. Relative transcript abundances were evaluated with gqRT-PCR using
GmUBI as an internal control. Values represent averages from two independent
biological replicates and error bars represent standard deviations. * denotes

statistically significant difference (p<0.01).
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Figure 3.4 miRNA 1507 and phasiRNAs derived from specific miR1507 target NB-
LRR loci were induced during P. sojae infection. The mean standard deviation for

miR1507 and Glyma06g39720 is +2.
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Figure 3.5 phasiRNAs generated from the miR1507 target Glyma04g29220 show 21
nt in-phase signatures following the cleavage sites (shown as the red arrows) of their

parent mMiRNA. phasiRNAs are shown as blue dots in aten cycle interval of 21 nt.
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Although produced by both soybean and Medicago truncatula, miR2109 was thought
to be 22 nt in M. truncatula, but predominantly 21 nt in soybean (Zhai et a., 2011).
Our sequencing data and northern blots detected both 21 and 22 nt forms of miR2109
in soybean, and both forms were induced during P. sojae infection (Figure 3.6). The
presence of the 22 nt form raised the possibility that miR2109 may also trigger the

production of phasiRNAs from itstarget NB-LRR loci in soybean.

Indeed, small RNA sequencing data reveal ed three NB-LRR genes that may be
targeted by miR2109 and potentially produce 21 nt in-phased ssSRNAs (Figure 3.7,
Figure 3.8). | confirmed the production of phasiRNAs from one NB-LRR gene
(Glyma03g14900), especially during P. sojae infection (Figure 3.6). Similar to the
miR1507 target Glyma06g39720, the transcript level of Glyma03g14900 was also
significantly lower than other miR2109-targeted loci Glymal6g10080 and
Glymal6g34000 (Figure 3.9), from which we did not detect significant phasiRNA
production (Figure 3.6, Figure 3.7). These data indicate that the expression of
Glyma03g14900 may be under the regulation of both miR2109 and the corresponding

phasiRNAS.
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Figure 3.6 miR2109 and the phasiRNAs derived from specific target NB-LRR loci
were induced during P. sojae infection. Mean standard deviations for miR2109 and

Glyma03g14900 are +£3 and +4, respectively.
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Figure 3.7 phasiRNA-generating loci were identified from miR2109 target NB-LRR
genes. Phasing scores were calculated from all the predicted target loci of miR2109
with three representative loci presented in the graph. Phasing scores >15 are

considered as PHAS | oci.
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Figure 3.8 phasiRNAs generated from the miR2109 target Glyma03g14900 show 21
nt in-phase signatures following the cleavage sites (shown as the red arrows) of their
parent miRNA. Cleavage of NB-LRR targets Glymal6g10080 and Glymal6g34000

did not generate substantial abundance of phasiRNAs. phasiRNASs are shown as blue

dotsin aten cycleinterval of 21 nt.
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Figure 3.9 NB-LRR genes targeted by miR2109 were repressed during P. sojae
infection. Relative transcript abundances were evaluated with qRT-PCR using
GmUBI as an internal control. Values represent averages from two independent
biological replicates and error bars represent standard deviations. * denotes

statistically significant difference (p<0.01).
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3.4.2 Genome-scale analysis of phasiRNAsin soybean during P. sojae infection

Because phasiRNA production from specific loci was enhanced in P. sojae-
infected tissues, we next performed a genome-scale analysis on PHASIoci in soybean
during P. sojae infection. Genes with Phasing score greater than 15 were identified
and categorized into three classes: NB-LRR genes, PPR genes and other (non NB-LRR
or PPR) (Figure 3.9). In each sample, phasiRNAs were predominantly generated from
NB-LRR and PPR loci. Intriguingly, P. sojae infection led to increased numbers of
PHAS I oci in both susceptible and resistant plants (Figure 3.10). These data suggest
that phasiRNAs may play arole in regulating defense response by repressing the

expression of specific NB-LRR and PPR genes during infection.
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Figure 3.10 Functional classification of PHASIoci in soybean roots. phasiRNASs were
predominantly generated from NB-LRR genes and pentatriopeptide repeat (PPR)

genes.
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3.4.3 PPR genes generate phasiRNAs following P. sojae infection

In addition to phasiRNAs derived from NB-LRR loci, P. sojae infection also
induced the production of phasRNAs from PPR genes. PPR proteins belong to a
large sequence-specific RNA binding protein family that regul ates the expression of
key genesin mitochondria and chloroplasts (Kotera et al., 2005; Prikryl et al., 2011;
Zehrmann et al., 2011).

Sequencing analysis our library identified four potential PPR phasiRNA-
generating loci, Glyma09g07290, Glymal6g28020, Glymal6g31950 and
Glymal6g28020 (Figure 3.11). Quantitative gRT-PCR was performed to verify small
RNA mediated cleavage of the PPR transcripts. Indeed, | observed significantly
reduced expression of al the PPR genes that were tested during P. sojae infectionin
both susceptible and resistant cultivars at 8 hpi (Figure 3.12). Thisis consistent with
the enhanced accumulation of phasiRNASs at this early infection stage (Table 3.2).
Interestingly, three out of the four PPR genes that were repressed at 8 hpi were de-
repressed at 24 hpi in the susceptible Harosoy roots, but remained repressed in the
resistant Williams 82 roots (Figure 3.12). These data revealed a potential correlation

between low levels of PPR gene expression and plant resistance.
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Figure 3.11. phasiRNAs were generated from four PPR loci with clear 21 nt in-phase
signatures following the cleavage sites of miR1508, which are shown as the arrows.

phasiRNA abundance are shown as dotsin aten cycle interval of 21 nt.
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Figure 3.12 Pentatricopeptide Repeat genes were repressed during P. sojae infection,

corresponding to the induction of phasiRNAs.

Transcript levels of PPR genes were repressed in P. sojae-infected roots at 8 hpi. At
24 hpi, the PPR genes were de-repressed in the susceptible cultivar Harosoy, but
remained repressed in the resistant cultivar Williams 82. Relative transcript
abundance was evaluated by qRT-PCR using GmUBI as an internal control. Values
represent averages from two independent biological replicates and error bars represent

standard deviations. * denotes statistically significant difference (p<0.01).
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Table 3.2 phasiRNASs generated from PPR loci exhibited enhanced accumulation in

soybean roots infected with P. sojae.

Normalized reads (per million) of phasiRNAs

PHAS loci Har osoy 8 hpi Williams 82 8 hpi
P. sojae- P. sojae-
Mock-treated Mock-treated

infected infected
Glyma09g07290 62 211 76 253
Glymal6g27790 30 133 65 143
Glymal6g31950 70 218 82 192
Glymal6g32030 21 67 52 146
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Our data showed that phasiRNAs produced from PPR genes were potentially
triggered by a 23 nt miRNA, miR1508 (Turner et al., 2012; Xiaet a., 2013) (Figure
3.11). Thisresult is consistent with a recent soybean degradome analysis, which
suggested miR1508 as atrigger for phasiRNA production (Hu et a., 2012). It isworth
noting that the level of miR1508 was not altered by P. sojae infection (Fig 3.13);
therefore, P. sojae infection may specifically induce the production of phasiRNAs
from the PPR loci without changing their parent miR1508. These data raised the
interesting possibility that the phasiRNA biosynthetic pathway might be involved in

defense response.
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Figure 3.13 miR1508 accumul ation was not changed by P. sojae infection.
miR1508 abundances in the mock-treated and the P. sojae-infected tissues were
analyzed by northern blotting at 8 hours post inoculation. U6 served as aloading
contral in the blots. Numbers below the blot images represent relative abundance of
the miR1508. This experiment was repeated three times with similar resultsand a

standard mean of +1.
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3.5DISCUSSION
3.5.1. NB-LRR genes are regulated by miRNAs

The interaction between a pathogen effector protein and a corresponding R
protein, typically containing the conserved NB-LRR domain, in the host is the basis
of the gene-for-gene disease resistance in plants (Shivaprasad et al., 2012; Tameling
and Joosten, 2007). NB-LRR proteins are canonical Resistance (R) proteins, which
directly or indirectly detect specific pathogen effectors and trigger the effector-
triggered immunity (ETI). ETI often lead to localized programmed cell death in the
infected region, which effectively restricts the spread of the pathogen. As such, NB-
LRR proteins play essential role in plant resistance.

In addition to pathogenic interactions, NB-LRRs a so participate in symbiotic
interactions between plants and microorganisms including nodulation of soybean
roots by rhizobia (Kulcheski et al., 2011; Subramanian et a., 2008). Specifically,

Y ang et a. showed the soybean NB-LRRs Rj2 and Rfgl are involved host specific
recognition of Bradyrhizobium japonicum (Yang et a., 2010). An increase of miR482
accumulation in soybean roots during nodulation potentially targets some NB-LRR
genes to promote the symbiotic interaction rather than defense response (Li et al.,
2012).

Infection by P. sojae at 8 hpi appears to reduce miR482 levels but induce
other NB-LRR targeting miRNAs, miR1507 and miR2109. Consistently, | observed
decreased expression levels of several NB-LRR genes that are potentially regulated by
miR1507 and miR2109 at 8 hpi. These data suggest that plants rely on miRNAs to
suppress NB-LRR gene expression during the early stages of P. sojae infection.

Activation or over-expression of NB-LRR proteins often lead to programmed cell
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death, which isasignificant fitness and energy cost to the plant. Therefore, NB-LRRs
must be tightly and precisely regulated during infection. | hypothesized that plants
have multilayered defensive systems during pathogen infection, and the control of
NB-LRRs is coordinated with other mechanisms at different infection stages to mount
effective defense. miRNAs may play an important role in the precise regulation of

NB-LRR gene expression.

3.5.2. phasiRNAs produced from NB-LRR loci

Another class of soybean small RNASs that were significantly induced by P.
sojae was phasiRNASs. Recent analyses of small RNA populations in legumes during
mutually beneficial interactions with rhizobia and mycorrhizae revealed that the
majority of the phasiRNA-generating (PHAS) loci are NB-LRR genes (Zhai et al.,
2011). In Medicago truncatula, these PHAS loci are mainly targeted by three 22 nt
MiRNA families, i.e. miR1507, miR2109 and miR2118. miR1507 targets NB-LRR
transcript in soybean, tobacco, tomato and Medicago plant species and have been
shown to generate phasiRNAs in M. truncatula and soybean (Li et a., 2012; Zhai et
al., 2011). In both M. truncatula and soybean, induction of miR1507 leads to
enhanced production of phasiRNAS.

Soybean miR2109 was believed to be 21 nt in length and therefore could not
trigger phasiRNAs (Zhai et al., 2011). However, my sequencing data revealed
miR2109 isoforms that are 20, 21 and 22 nt in length (data not shown). Though itis
unknown if the 21 nt form of miR2109 could trigger phasiRNA production, it is likely

that the 22 nt isoform of miR2109 is the parent of the phasiRNAS.
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| observed a significant portion of PHASoci to be NB-LRR genesthat are
targets of miR1507 and miR2109, which were induced during P. sojae infection.
Furthermore, | found induced production of phasiRNAsin P. sojae-infected tissues
from specific NB-LRR loci. It is also evident that phasiRNAs derived from the PHAS
loci act both in cis and in trans to repress NB-LRR gene expression. The induction of
miR1507, miR2109 and their corresponding phasiRNAs led to decreased expression
of multiple NB-LRR genes during early infection of P. sojae in soybean. It is possible
that plants may use miRNAs and phasiRNASs to fine tune the expression levels of NB-
LRR genes, especialy at the early infection stages, and the precise regulation of NB-
LRR gene expression may be of significant importance for effective defense against

the pathogens.

22 nt miRNAs and their derived phasiRNASs have also been shown to regulate
NB-LRR genesin potato during viral infection (Li et al., 2012). Taken together, these
findings suggested a significant regulatory role of phasiRNAsin plant immune

response to both viral and oomycete pathogens.

3.5.3. phasiRNAs produced from PPR loci

In addition to phasiRNAs derived from NB-LRR loci, P. sojae infection also
induced the production of phasiRNAs from PPR genes, which were repressed at the
early infection stage. PPR proteins belong to a large sequence-specific RNA binding
protein family that regulates the expression of key genesin mitochondria and

chloroplasts (Kotera et a., 2005; Prikryl et al., 2010). In Arabidopsis, PPR genes are
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regulated by trans-acting SIRNAs (tasiRNAS) generated from the TASL and TAS2 loci
(Howell et a., 2007). It was recently shown that SSRNA-mediated regulation of PPR
genesis a conserved mechanism in eudicots: PPR genes are regulated either by
phasiRNAs generated from PPR PHAS|oci or by tasiRNAs generated from the TAS
loci (Xiaet a., 2013). Furthermore, miR1509, which belongs to the evolutionarily
conserved miR173 family, was proposed to regulate PPR genes in soybean by
triggering tasiRNA production from intermediate TASlike genes Our data showed
that phasiRNAs produced from PPR genes were triggered by a 23 nt miRNA,
miR1508 (Fig. S5b). This result is consistent with a recent soybean degradome
analysis, which suggested miR1508 as a trigger for phassRNA production (Hu et al.,
2013). It isworth noting that the level of miR1508 was not altered by P. sojae
infection; therefore, P. sojae infection may specifically induce the production of
phasiRNAs from the PPR loci without changing their parent miR1508. These data
raised the interesting possibility that the phasiRNA biosynthetic pathway might be

involved in defense response.

If phasiRNAS regulating NB-LRR and/or PPR genes are important regulators of
plant defense, successful pathogens may have evolved virulence factors to target the
production of phasiRNAS. Indeed, our lab recently identified a P. sojae effector PSR2
that specifically suppresses the biogenesis of tasi RNAs from the TASL and TAS2 |oci
in Arabidopsis (Qiao et al., 2013). Silencing of PSR2 in P. sojae drastically reduced
the virulence of the pathogen in soybean, demonstrating that it is an essential effector
that promotes pathogenesis. Consistent with the expression profile of PSR2, which

reaches its maximum level at around 16 hpi (Qiao et al., 2013), the PPR genes were
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de-repressed at 24 hpi in the susceptible host Harosoy, which could be due to the
phasiRNA suppression activity of PSR2. On the contrary, the PPR genes remained
repressed at 24 hpi in the resistant cultivar Williams 82. It isintriguing to propose that
soybean employs specific phasiRNASs to regul ate the expression of defense-associated
genes, such as NB-LRR and PPR genes, during P. sojae infection; and pathogens have
evolved effectors, such as PSR2, to disturb this regulatory mechanism for the benefit
of infection. Functional characterization of phasiRNAs in soybean defense will

provide further evidence on the role of phasiRNAs during P. sojae infection.

3.5.4 Conclusion

The requirements for defense mechanisms and selective pressure from
pathogens have resulted in rapid evolution and diversification of genes that encode
crucial defense-related proteins, such as NB-LRRs and possibly PPRs. These genes
are known to be regulated by small RNAs to ensure their precise expression. |
performed an extensive genome-wide analysis of soybean small RNAS in response to
P. sojae infection. This lead to the identification of miRNAs and their derived
phasiRNAs that regulate NB-LRR and PPR genes and may potentially contribute to
plant defense. The generation of secondary SIRNAs seems to be an effective
mechanism to target large gene families wherein a small number of miRNAS regul ate
alarge number of related targets. This mechanism may alow for precise and rapid

global control of gene expression during pathogen infection.
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3.6. FUTURE DIRECTIONS

Phytophthora diseases have caused enormous economical damage to
agriculture. Consistent with our recent findings on Phytophthora effectors that inhibit
small RNA biogenesis, my experiments revealed important regul atory roles of
specific miRNAs and phasiRNASs in plant immunity. Thiswork leads to interesting
future directions that will provide further insights into small RNA-mediated

regulation of plant defense.

Firstly, small RNAs selected for further verification and function analysis
were based on computational analyses of the small RNA sequencing data, which
revealed small RNA species with significant changes in abundance. However, out of
the 16 miRNAs that were computationally predicted to have a significant fold
changes, only eight were confirmed to be differentially expressed by Northern
blotting. Clearly, there are restrictions in screening altered small RNAs using |llumina
data. Further examinations on additional miRNAs are needed to obtain a better view
of small RNA changes during P. sojae infection.

Further time-course analysis of these specific miRNAs and phasiRNAs will be
pursued to elucidate mechanistic details of small RNA-mediated defense regulation
during Phytophthora infection. In this study, experimental data and analysis were
based on soybean response to P. sojae at 8 hpi. Although both the susceptible and
resistant soybean cultivars were examined, | did not observe significant differencesin
small RNA changes in these hosts. This observation is consistent with the assumption
that the small RNAs changes at this early stage represent the plant defense response.

We have generated small RNA libraries at 24 hpi. Although a detailed study has yet to
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be performed, preliminary examination of these 24 hpi small RNA sequences revealed
evident differencesin small RNA profiles between the susceptible Harosoy and the
resistant Williams 82 cultivars. Thisislikely due to the effector-triggered immunity
established in Williams 82 that is absent in Harosoy. It could also be due to the
activity of Phytophthora effectors with inhibitory effects on small RNA biogenesis. In
depth analysis of the small RNA changes at 24 hpi in comparison to 8 hpi will no
doubt provide additional insight into the regulatory processes during the dynamic
interaction between soybean and P.sojae.

Using the new STTM technique, | showed that knocking down miR393 levels
in soybean roots greatly enhanced the susceptibility to P. sojae, partly due to defects
in the production of antimicrobial compounds. Functional characterization on other
mMiRNAS, especially miR1507 and miR2109, which regulate NB-LRR genes, should
be conducted to elucidate the functions of these miRNAs and their derived
phasiRNAsin plant defense. STTM-mediated knocking down and over-expression of
the corresponding MIR genesin soybean hairy roots will provide important

information on the roles of in plant defense.
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