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ABSTRACT

Plants and their pathogens have constantlyesmlving mechanisms that determine
infection success. Small RNAs (sRNAs)-8018cleotides can have a large effect regulating
plant defense responses as well as fungal virulence factors. The goal of this project was to
understand how sRNASs regulate gene expression both for species of origin, as well-as trans
kingdom sRNA communicatidetween barley an@lumeriagraminisf. sp.hordei(Bgh), the
causal agent of barley powdery mildew. To accomplish this goal we exaBgmstRNA
expression over a time course representing the key stag8gbinfection of barley
(appressorium formatin, penetration of epidermal cells, and development of haustoria) in five
barley lines including four fasteutron derived immunesignaling mutants and their progenitor
line Cl 16151. The sRNA expression data was complemented by parallel analysis alSRNA en
(PARE) analysis that confirms sRNA transcript cut sitesnwitiodata. In barley, conserved
and novel miRNAs were identified with predicted target transcripts enriched in the
transcriptional regulation, signaling, and photosynthesis categorieasifi SiRNAs
(phasiRNASs) were also identified in barley overlapping with protein coding genes including
receptorlike kinases and resistance gen&ghmicro RNAike RNAs (milRNAs) were identified
that are predicted to regulate transcripts encoding eftes, metabolic proteins, and
translationrelated proteins. A subset of effectors homologous to \éR1 and AVR10 (EKA)
family may be regulated by a sRAcoding hairpin that is overlapping and antiparallel to an
EKA gene. These genes are heavilyledgd by sSRNAs, in contrast to m&ghprotein-coding
genes. Potential trankingdom functional SRNAs were identified from both barley Bgt

The predictedBghtranskingdom sRNA are highly enriched in transcripts that function in non



speciesspecift defenses. The transcript targets encode proteins related to vesicle secretion,
cell wall synthesis, protein turnover, transcriptional regulation, ROS response, and fungal cell
wall breakdown. The potential barley traksygdom sRNAs are predicted tagat Bgh

transcripts includindghspecific effector proteins, ribosome synthesis/function, core
transcription factors, and cell cycle regulators. Overall, these findings indicate that SRNAs are

integral in regulation of gene expression durBghinfection of barley leaves.



CHAPTER 1.GENERAL INTRODUCTION

Barley and its Genome

Barley Hordeum vulgaré..) is a member of the grass family Poaceae, in the tribe
Triticeae, and genudordeum It is the fourth most agriculturally important grass species,
followingwheat, maize, and rice, and is used mainly for animal feed, malting, and human foods
(Office of the Gene Technology Regulator, 2008 barley genome contains seven
chromosomes, and is relatively large with an estimated size of 5.1 Gbp with a high content of
repetitive DNA at 80.8%d1ascheret al, 2017) The first draft of the barley genome was
assembled using multiple different resources including sequencing multiple BAC libraries, BAC
ends, lllumina DNAeq genomic read§NP marker mapping, RMAq, and fulength cDNA
alignment(International Barley Sequencing Consortiatal, 2012) The mostecent
genome assembly focuses on ordered physical maps of the barley chromosoheesced by
the HiC and Bionano optical mapping technigyeebermarAidenet al,, 2009, Lanet al.,

2012) Distal portions of the barley chromosomes were relatively g#teand lower in

repetitive content, acompared with proximal portions with low gene content and high
occurrence of transposable element (TE) families and other repeats. This differential content in
repetitive elements helps explain the reduced recombination frequencies seen in proximal
portions of barley chromosomes, which can hamper breeding efforts for genes in those

chromosomal region@Mascheret al., 2017)



Blumeria graminid. sp.hordeiand its Genome

Powdery mildews are represented by ovJO species that are able to infect virtually
all crop plantgBindschedleet al., 2016) TheBlumeria graminigroup of species infest
grasses and is a member of the phylum Ascomycota in the order Erysiphales of the class
LeotiomycetegSpanu, 2014 Blumeria gramini$. sp.hordei(Bgh is an obligate biotrophic
fungus that infects barley exclusively. The life cycBgtfincludes both asexual and sexual
stages, but under normal field nditions the asexual reproductive style dominaf#golfe and
McDermott, 1994) The asexual life cycle Bhstarts when conidim lands on a leaf surface
and forms a short primary germ tube, followed by a secondary germ tube that elongates and
forms an appressorium that penetrates the barley epidermal cell wall. Infection pegs form
haustoria that are surrounded by a pladérivedmembrane and act both to the suppress plant
defenses and to reprogram the cell to provide nutrition to the growing fur{étangeet al,,
2002) After 35 days, asexual conidiophores grow out the fungal hyphae in stalks with eight
conida for wind distribution, to begin the infection cycle agé@panu, 2014) The haustorium
represents the primary organ for communication between the host and pathogen. It consists of
a complex extension of the fungal hypha which invaginates the host cell plasma membrane. The
host plasma membrane surroundsettiungal plasma membrane and cell wall, with a small
space between them termed the exttaustorial matrix (EHM). Many fungal effector proteins
that contribute to virulence are secreted into the EHM and pass through the host cell plasma
membrane by an unkown mechanisn{Dérmannet al., 2014)

TheBghgenone has been sequenced with an estimated size of 130 (@ipanuet al.,,

2010) Recently an updated genome sequence was published of the DH14 and RACE1 isolates



(Frantzeskakiet al., 2018) The updated genome assembly includes 7118 genome models,
including 805 secretion sigrabntaining proteins (SPs), representing 11.3% of the annotated
genes. This large proportion of genes encoding SPs is directly related to the reffieato

content necessary for successful barley infec{Bmdschedleet al., 2016) TheBghgenome
includes 74% repetitive element comte which includes a recent expansion by transposable
element (TE) families including long terminal repeats (LTRs) and long interspersed nuclear
elements (LINEgJrantzeskakist al, 2018)This relatively high edent of TEs has been

correlated with lifestyle, as obligate biotrophs have larger genome sizes and higher TE content

than other related fungal speci€émselemet al,, 2015a)

Plant/Pathogen Interactions

Pathogns possess highly conserved structures called pathagsaciated molecular
patterns (PAMPS) such as flagellin or peptidoglycans in bacteria, or glucans or chitin in fungi,
which are recognized by plant pattern recognition receptors (PERsif, 2017) PRRs can
include both receptotike kinases (RLKs) and recedike proteins (RLPs) that through protein
protein interactions initiate resistance signalifiganget al., 2017) Binding of PAMPs to PRRs
triggersthe PAMPtriggered immunity (PTI) defense response, includes a burst of reactive
oxygen species, a builgh of calloseand production of antimicrobial compounds and hydro
lytic enzymegGiraldo and Valent, 2013, i@iraGarcia and Valent, 2015With noradapted
pathogens, the PTI response will highly suppress pathogen growth and infection. However,
some pathogens have evolved effector compounds that act both to suppress the plant PTI

defense response and result effector triggered susceptibility (ETS). Effectors can affect



defense responses in multiple areas including pathogen perception, secretion, transcription,
cell wall structure and can come in the form of proteins, metabolites, and small RNAs (SRNASs)
(Weiberget al.,, 2015, Torunet al., 2016) To counter ETS, plants have evolved-n@mbrane
bound receptor proteins of the nucleotidainding, leucinerich domain (NLR) family. NLR
proteins include either an ferminal coiled coil (CC) domain or a Toll Interletikirke receptor
(TIR) domain and at€rminal hypervariabldéeucinerich repeat domair{Sukarteet al.,, 2016)

These NLR proteins respond to the presence avidigiof pathogen effectors and trigger a

strong defense response called effector triggered immunity (ETI) that can lead to a localized

hypersensitive responsgLiet al,, 2015)

BghEffectors

TheBghgenomeis predicted to encode two different classes of effector proteins. The
first class includes effectors of the EKA type that lack traditional targeting sequences for
secretion(Ridoutet al., 2006) The second clascandidate secreted effector proteins (CSEPS),
were identified using several criteria, including presence of a predicted signal peptide for
secretion, smaller size, and lack of homology to other known proteins outside of powdery
mildews(Spantet al,, 2010, Pederseet al., 2012) The two classes of effectors combined,
represent around 2000 members, which is a substantial portion of the ~7000 preteimding
genes(Amselen et al,, 2015b, Bourrast al., 2018)

The EKA effector class may include more than 1350 members Bgtihgenome (Spanu
et al. 2010). The class name EKA comes from its two founding meAWRisand AVR\1o

(Amselem et al. 2015), which were identifiad targets of the barley R proteins MLK1 and



MLA10(Ridoutet al., 2006) EKA gene family members are found inside of active Class | LINE
retrotransposongSacristaret al., 2009, Amselerat al,, 2015b) The recent genome expansion

of Bgh relative to related ascomycete fungi, has not included an increase in gene copies, but
rather an expansion of TE families including LINE and LTR f¢Biiidschedleget al., 2016)

The expansion of the LINE family would allow for rapid evolution of new effects in the EKA class
through sequence divergence of EKA familymbers.

The CSEP effector class currently has 722 members that are grouped into 72 gene
families(Spanuwet al,, 2010, Bindschedleat al., 2011, Pederseet al., 2012, Kuschkt al., 2014,
Whighamet al,, 2015, Boutaset al,, 2018) The RNaskke effector family is highly conserved
amongst powdery mildews even outside of grass specific powdery mildew species, and despite
its conservation, has an unknown functiienardoet al., 2017) Out of the hundreds of
potential CSEP effector candidates only a small subset has been tested for their relative effect
on Bghpathogenicity(Zhanget al,, 2012, Plieget al., 2013, Schmidét al., 2014, Aguilaet al,,

2015, Ahmeckt al,, 2015, Whighanet al,, 2015, Ahmeadt al., 2016, Penningtoet al., 2016,
Spanuet al,, 2018) Some CSEPs are expected to contribute quantitatively towards virulence,
which may be more difficult to show as infeatioounts may not show significant differences

between HIGS silenced and control samples.

Plant Small RNAs

Small RNAs (sRNAs) in plants are involved in viral and transposable element (TE)
defense, as well as the regulation of native gene expressionthtthe transcriptional and

posttranscriptional level. sRNAs generally fall into the two categories micro RNAs (miRNAS)



and short interfering RNAs (siRNAs). The sRNA pathway originated as a defense against
invading virus and TE nucleic acids in thedag&aryotic common ancest¢Pumplin and

Voinnet, 2013, Tabagc#t al, 2013) Transcriptional and postanscriptional control of gene
expression by sRNAs may have evolved after the last common ancestor ofguidritsgi as

the implementation of RNA interference (RNAI) can be quite different between king(ioamns)

et al, 2011, Borges and Martienssen, 2013he RNAI pathway is essential for plants, as
mutations in Diceor Argonaute enzymes can result in severe developmental mutations or are
embryo lethal(Borges and Martienssen, 2015)

The majority of SRNAs in plardgginate from three pathways: miRNA biogenesis,
secondary siRNA biogenesis, and heterochromatic siRNAs (hets{BNygs and Martienssen,
2015) Micro RNAyenes are transcribed as naoding transcripts by DNA polymerase Il and
KFE2S pQ O talks to prygtétt frodd degradatiofiwakawa and Tomari, 2015 he
transcripts form foldover double strand complesecalled primarymiRNAs (prmiRNAS) that
are processed by Dicer enzymes into precursor miRNAs{{R&IAs) and finally mature
MiRNAs. The active strand of the miRNA is then bound to an Argonaute enzyme in the RISC
complex that guides homologyased cleaage or translational inhibition of target transcripts.
Small interfering RNAs in plants can have several origins including viral genomes, transgenes,
transposable elements, as well as amplification of transcripts targeted by miRNAs or other
siRNAgBorges and Martienssen, 2015)he siRNAs can act on both the transcriptional level
(hetsiRNASs) as well as the pésinscriptional level, and can travel systemigahroughout the

plant, as in the case of systemic viral resistance.



Both PTI and ETI based immune responses are regulated by sRNAs at the post
transcriptional leve(Feiet al,, 2016) In the studyoy Navarro et al. (2006), a PTI response by
three auxin receptors was shown to be caused by the miRNA miR28arroet al., 2006)

The three auxin receptors TIR1, AFB2, and AFB3 are specificallyetnyated by miR393 by

an flg22trigger, suggesting reduction in growth signaling upon PAMP perception. Conserved
mMiRNAs that regulate the ETI response through expressiBgehes have been identified in
several plants, includingledicago truncatualasoybean, tomato, peach, and apffLiet al,,

2012, Zhwet al,, 2012, Arikiet al, 2014, Meet al,, 2014, Feet al, 2015) These miRNAs mostly
target conserved regions Rgenes including the-®op, the TIR motifs, and othe(Beiet al.,

2013) Rgene regulation by miRNAs has also been shown in barley when the Shen and Wise
groups demonstrated that the miR9863 family differentially regulétds NBLRR gene in
response to pathogen infectio(Liuet al., 2014)

Phasing siRNAs (phasiRNAS) are secondary sRNAs that are produced when a miRNA
triggers the production of double stranded RNA (dsRNA) from transcript templates, and this
template is processivglcleaved by Dicer commonly into 21 or 24 bp fragméRéset al.,

2013) PhasiRNAs were originally describeArabidopsisn the form of transacting siRNAs
(tasiRNAs{Denget al., 2018) TheArabidopsigasiRNAs i@ encoded by four families GIRANS
ACTING siRNAAS genes includinAS1TAS2TAS3andTAS4Komiya, 2017) TAS3the

most highly conserve@ASocus is conserved in all land plants and has important functions in
plant development related to auxin and auxin response factgraet al, 2017) The broader
phasiRNA category describes phased siRNAs that may or may not have adtiaity (Reiet

al.,, 2013) PhasiRNAs have been ddsed to have a divergent function between monocots



and dicots. In dicots, phasiRNAs are almost all 21 nt in size and mostly originate from protein
coding transcriptgFeiet al,, 2013) In monocots, phasNRA loci are both 21 and 24 nt in size

and are expressed in mainly in reproductive tissues fromauming RNA transcrip(g\rikit et

al.,, 2013) This functional divergence between monocot and dicot phasiRNA loci types may
have happened before their last common ancestor as both types of phasiRNA types are present

in the Gymnosperm Norway SpruPéaet al., 2015)

Fungal Small RNAs

Small RNAs in fungi have a wide range of functional diversity and impact on survivability
of species. Functional RNAI has been reported in all the major fungal phyla including
Ascomycota, Basidiomgta, and Zygomycot@lson, 2016) Unlike animals and plants,
functional RNAI isat required for survival of all fungal species, as some species do not have
altered phenotypes with knocked out silencing components or are missing functional RNAI
altogether(Kamperet al., 2006, Drinnenbergt al., 2009, Janboet al, 2010) Processes
regulated by fungal RNAI pathways include sexual reproduction (meiotic silencing by unpaired
DNA [MSUD]), DNA damage repair (Qdateracting small RNAs [qiRNAS)]), heterochromatin
formation and maintenance (PrirhBNAs [priRNAs]), viral and TE defense (quelling), and gene
expression (exonisiRNAs [esiRNAs]), Diceandependent SiRNAs [disSiRNAs] and microRNAs
like RNAs [miIRNAgThancet al., 2012, Villalobo&scobedet al., 2016)

To our knowledge, no studies have identified fungal SRNAs predicted to regulate known
effector genes. Several reports have identified SRNAs that are differentially regulated between

norrinfection and infection tissue, for exampleMagnaporthe oryzaeand Botrytis cinerea



(Ramaret al,, 2013, Weibergt al,, 2013) In both cases, the small RNAs that are differentially
regulated are predicted to target LTR retrotransposons. In the Oomycota phséweral
Phytophthoraspecies have been shown to produce sRNAs that specifically regulate effector

gene expressiofVetukuriet al, 2012, Fahlgreet al., 2013, Qutolet al,, 2013)

TransKingdom Silencing

Trars-kingdom silencing occurs when sRNAs produced by an organism from one
kingdom are taken up and have function in another organism from a different kingdom
(Weiberg and Jin, 2015)The mechanisms of tratkéngdom dencing are unclear, but have
been observed in multiple systems including human to protozoa, plants to nematodes, fungi to
plants, and othergKnipet al,, 2014) Transkingdom sRNA communication between plants and
pathogens have interesting functional implications. When these type of SRNAs are expressed in
a plant pathogen and taken up by the host plant they can act by definition as effector molecules
(Wanget al,, 2015) Since sRNAs do not undergo the same types of surveillance that protein
effectors can undergo, they have the potential to silence key defense gene hubs without
triggering a defense reaction.

In just such a case, Weiberg et al. (2013) identified three SRNAs that were produced by
B. cineredhat silenced four genes iArabidopsisnvolved in pathogen defense. When tBe
cinereasRNAs were overexpressed in deatvansgenidArabidopsidines, the plants were
phenotypically normal except for enhanced susceptibility to pathogen infection. The
production of functional effector SRNAs was dependent on intact Dicer gdoHsagddcl?) in

B. cinereaand both singleand double mutants were compromised in their pathogenicity. The
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targets of theB. cinerearanskingdom sRNAs are highly conserved and help explain the
relatively large host range of the pathog@Weiberg and JirR015)

In another recent study, the bioactive milRRA&tmilR1 was discovered Puccinia
striiformisf. sp.tritici (Ps) that silences the whegiathogenesigelated 2(PR2 gene that
encodes a -1,3-glucanaséWanget al,, 2017) WhenPstmilR1 was knocked out the resulting
Pststrain had significantly reduced pathogenicity on wheat and conversely, when the wheat
PR2gene expression was knocked down by virus induced gene silencing (VIGS) the virus
transformedplants had increased susceptibility Bstin incompatible reactions. The
demonstration of SRNAs acting as effectors in a pfathogen interaction suggests that trans
kingdom sRNA communications may be another layer in the Zig Zag model originallygoropo
in Jones and Dan@006)and updated to Zig Zag Zig by Fei e{2016)

If plant fungal pathogens can express active trimgdom effector SRNAs, it makes
logicalsense that plants could express sRNAs that could act as resistance factors, silencing
target genes in pathogenic fungi. The potential for dmtigal SRNAs being expressed in plants
has been demonstrated in several studies in barley, whiatbidopsisand other species
(Nowaraet al,, 2010, Wangt al, 2016) The host induced gene silencing (HIGS) technique was
developed in barley and wheat where the authors produced sRiNgleintathat caused down
regulationof the pathogen effector genAVR10, and reduced pathogenicity in plants lacking
the RgeneMlal0. The success of this technique has been extended to plant pathogen/pest
interactions with fungi, oomycetes, and animé@ipet al., 2014)

The presence of plant expressed sRNAs acting as resistance factors was recently

described in cotton, as the miRNAs miR166 and miR159 were taken up by the pathogen
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Verticillium daliiae and significantly reduced virulence by silencing transcripts encoding'a Ca
dependent cysteine protease and an isotrichodermib5thydroxylas€Zhanget al,, 2016) The
results of these studies demonstrate that trakiigdom sRNA communication is actively

occurring, ad represents a new paradigm of plapathogen interactions.

References

I 3dzA f F NE DX t SRSNASY I (2018 Idenyffibatioh &f 2ighiReffdctardndiddte a § Sy a Sy

genes involved in early aggressiveness of the barley powdery mildew furigns Pathology

Ahmed, A.A., Pedersen, C., Schtlliarsen, T., Kwaaitaal, MJorgensen, H.J. and Thordahristensen,
H.(2015) The barley powdery mildew candidate secreted effector protein CSEP0105 inhibits the
chaperone activity of a small heat shock protéitant Physigll68, 321-333.

Ahmed, A.A., Pedersen, C. and Thordaristensen, H(2016) The Barley Powdery Mildew Effector
Candidates CSEP0081 and CSEP0254 Promote Fungal Infection Buo&e@sd 1, e0157586.

Amselem, J., Lebrun, M.H. and Quesneville(2015a) Whole genome comparative analysis of
transposable elemnts provides new insight into mechanisms of their inactivation in fungal
genomesBMC Genomicd 6, 141.

Amselem, J., Vigouroux, M., Oberhaensli, S., Brown, J.K., Bindschedler, L.V., Skamnioti, P., Wicker, T.,
Spanu, P.D., Quesneville, H. and Sacristari2@L5b) Evolution of the EKA family of powdery
mildew avirulenceeffector genes from the ORF 1 of a LINE retrotranspd3mC Genomic46,

917.

Arikit, S., Xia, R., Kakrana, A., Huang, K., Zhai, J., Yan, Z., Valdes, O., Prince, S., Musket, T.A.,
Nguyen, H.T., Stacey, G. and Meyers, B2014) An atlas of soybean small RNAs identifies
phased siRNAs from hundreds of coding geRé&mt Ce|l26, 45844601.

Arikit, S., Zhai, J. and Meyers, B(2013) Biogenesis and function of rice small RNAs fremcoding
RNA precursor€Lurr Opin Plant Bidl6, 170179.

Bélanger, R.R., Bushnell, W.R., Dik, A.J. and Carver2D02)The powdery mildews: a comprehensive
treatise American Phytopathological Society (APS Press).

Bindschedler, L.V., McGuffin, L.Burgis, T.A., Spanu, P.D. and Crame(2B11) Proteogenomics and
in silico structural and functional annotation of the barley powdery mildew Blumeria graminis f.
sp. hordeiMethods 54, 432441.

Bindschedler, L.V., Panstruga, R. and Spanu, R@L6)Mildew-Omics: How Global Analyses Aid the
Understanding of Life and Evolution of Powdery Mildeiwent Plant S¢v, 123.



12

Borges, F. and Martienssen, R{&015) The expanding world of small RNAs in platdas Rev Mol Cell
Biol 16, 727741.

Bourras, S.Praz, C.R., Spanu, P.D. and Kelle(2B18) Cereal powdery mildew effectors: a complex
toolbox for an obligate pathogei@urr Opin Microbiol6, 26-33.

Chang, S.S., Zhang, Z. and Li(2912) RNA interference pathways in fungi: mechanisms and funscti
Annu Rev Microbipb6, 305323.

Dang, Y., Yang, Q., Xue, Z. and Li§f2811) RNA interference in fungi: pathways, functions, and
applications Eukaryot CellLO, 11481155.

Deng, P., Muhammad, S., Cao, M. and WU2D18) Biogenesis and regulatdrgrarchy of phased
small interfering RNAs in plan®lant Biotechnol, 16, 965975.

Dérmann, P., Kim, H., Ott, T., Schulzefert, P., Trujillo, M., Wewer, V. and Huckelhoven,(R)14)
Celtautonomous defense, rerganization and trafficking of memhbmas in plantmicrobe
interactions.New Phytql204, 815822.

Drinnenberg, I.A., Weinberg, D.E., Xie, K.T., Mower, J.P., Wolfe, K.H., Fink, G.R. and Bar{@D@Jp.
RNAI in budding yeas$cience326, 544550.

Fahlgren, N., Bollmann, S.R., Kasschal.KCuperus, J.T., Press, C.M., Sullivan, C.M., Chapman, E.J.,
Hoyer, J.S., Gilbert, K.B., Grunwald, N.J. and Carrington(20C3) Phytophthora have distinct
endogenous small RNA populations that include short interfering and microRN&S.Ones,
e77181.

Fei, Q., Li, P., Teng, C. and Meyers, RQ15) Secondary siRNAs from MedicageLRBRs modulated via
miRNAtarget interactions and their abundancd3ant J83, 451-465.

Fei, Q., Xia, R. and Meyers, B(2013) Phased, secondary, small interfefiRigAs in posttranscriptional
regulatory networksPlant Cell25, 24002415.

Fei, Q., Zhang, Y., Xia, R. and Meyers, €L6) Small RNAs Add Zing to theZzgZig Model of Plant
DefensesMol Plant Microbe Intera¢®9, 165169.

Frantzeskakis, L., Krhaer, B., Kusch, S., Yoshikawéaekawa, M., Bauer, S., Pedersen, C., Spanu, P.D.,
Maekawa, T., Schulzeefert, P. and Panstruga, R2018) Signatures of host specialization and a
recent transposable element burst in the dynamic eapeed genome of the fungjharley
powdery mildew pathogerBMC Genomic¢49, 381.

Giraldo, M.C. and Valent, B2013) Filamentous plant pathogen effectors in actidat Rev Microbiol
11, 800814.

International Barley Sequencing Consortium, Mayer, K.F., Waugh, R., Brown, JNIntmn, A.,
Langridge, P., Platzer, M., Fincher, G.B., Muehlbauer, G.J., Sato, K., Close, T.J., Wise, R.P. and
Stein, N.(2012) A physical, genetic and functional sequence assembly of the barley genome.
Nature, 491, 711-716.



13

Iwakawa, H.O. and Tomari, ¥2015) The Functions of MicroRNAs: mRNA Decay and Translational
RepressionTrends Cell Bid?5, 651-665.

Janbon, G., Maeng, S., Yang, D.H., Ko, Y.J., Jung, K.W., Moyrand, F., Floyd, A., Heitman, J. and Bahn,
Y.S(2010) Characterizing the role of RNA silag components in Cryptococcus neoformans.
Fungal Genet Bip47, 107G1080.

Jones, J.D. and Dangl, J2006) The plant immune systeiature, 444, 323329.

Kamper, J., Kahmann, R., Bolker, M., Ma, L.J., Brefort, T., Saville, B.J., Banuett, F., KrdngtacGold,
S.E., Muller, O., Perlin, M.H., Wosten, H.A., de Vries, R.-Reieera, J., Reynagdena, C.G.,
Snetselaar, K., McCann, M., Pes#glartin, J., Feldbrugge, M., Basse, C.W., Steinberg, G., lbeas,
J.l., Holloman, W., Guzman, P., Farman, M. jika J.E., Sentandreu, R., Gonzakizeto, J.M.,
Kennell, J.C., Moalina, L., Schirawski, J., Mendblemdoza, A., Greilinger, D., Munch, K.,

Rossel, N., Scherer, M., Vranes, M., Ladendorf, O., Vincon, V., Fuchs, U., Sandrock, B., Meng,
S., Ho, E.C., CahiM.J., Boyce, K.J., Klose, J., Klosterman, S.J., Deelstra, H.JC@astellanos,

L., Li, W., SancheXlonso, P., Schreier, P.H., Haud¢ahn, |., Vaupel, M., Koopmann, E.,

Friedrich, G., Voss, H., Schluter, T., Margolis, J., Platt, D., Swimmer, itke Gk, Chen, F.,
Vysotskaia, V., Mannhaupt, G., Guldener, U., Munsterkotter, M., Haase, D., Oesterheld, M.,
Mewes, H.W., Mauceli, E.W., DeCaprio, D., Wade, C.M., Butler, J., Young, S., Jaffe, D.B., Calvo,
S., Nusbaum, C., Galagan, J. and Birren, B2006) Insights from the genome of the biotrophic
fungal plant pathogen Ustilago maydiéature 444, 97-101.

Knip, M., Constantin, M.E. and Thord@hristensen, H(2014) Trankingdom crosdalk: small RNAs on
the move.PL0S Gengt0, e1004602.

Komiya, R(2017) Biogenesis of diverse plant phasiRNAs involves an Aiiglx and Dicer
processingJ Plant Re4.30, 17-23.

Kusch, S., Ahmadinejad, N., Panstruga, R. and Kuh(2@14) In silico analysis of the core signaling
proteome from the barley powdery ildlew pathogen (Blumeria graminis f. sp. hordBijIC
genomics15, 1.

Lam, E.T., Hastie, A., Lin, C., Ehrlich, D., Das, S.K., Austin, M.D., Deshpande, P., Cao, H., Nagarajan, N.,
Xiao, M. and Kwok, P.Y2012) Genome mapping on nanochannel arrays forcaiiral variation
analysis and sequence assemidat Biotechnql30, 771776.

Li, F., Pignatta, D., Bendix, C., Brunkard, J., Cohn, M., Tung, J., Sun, H., Kumar, P. and Bxlt) B.
MicroRNA regulation of plant innate immune receptdPsoceedings ohie National Academy of
Sciences of the United States of Amer€®, 17901795.

Li, X., Kapos, P. and Zhang(2Q15) NLRs in plantSurr Opin ImmunpB2, 114121.
LiebermanrAiden, E., Van Berkum, N.L., Williams, L., Imakaev, M., Ragoczy, T., Tallidgnit, 1.,

Lajoie, B.R., Sabo, P.J. and Dorschner, M2009) Comprehensive mapping of leramnge
interactions reveals folding principles of the human genosoience326, 289293.



14

Liu, J., Cheng, X., Liu, D., Xu, W., Wise, R. and Shen(2Q14) Tle miR9863 family regulates distinct
Mla alleles in barley to attenuate NLR receptaggered disease resistance and ahth
signalingPL0S Gengt0, e1004755.

Ma, C., Lu, Y., Bai, S., Zhang, W., Duan, X., Meng, D., Wang, Z., Wang, A., Zhou,, 4.. @@l 4)
Cloning and characterization of miRNAs and their targets, including a novel +#zRRjEed
NBSLRR protein class gene in apple (Golden Delicimad)Plant 7, 218230.

Mascher, M., Gundlach, H., Himmelbach, A., Beier, S., Twardziok, S.(keiVic, Radchuk, V.,
Dockter, C., Hedley, P.E., Russell, J., Bayer, M., Ramsay, L., Liu, H., Haberer, G., Zhang, X.Q.,
Zhang, Q., Barrero, R.A,, Li, L., Taudien, S., Groth, M., Felder, M., Hastie, A., Simkova, H.,
Stankova, H., Vrana, J., Chan, S., MuwAozatriain, M., Ounit, R., Wanamaker, S., Bolser, D.,
Colmsee, C., Schmutzer, T., Aliyeésehnorr, L., Grasso, S., Tanskanen, J., Chailyan, A.,
Sampath, D., Heavens, D., Clissold, L., Cao, S., Chapman, B., Dai, F., Han, Y., Li, H., Li, X,, Lin, C.,
McCookeJ.K., Tan, C., Wang, P., Wang, S., Yin, S., Zhou, G., Poland, J.A., Bellgard, M.I.,
Borisjuk, L., Houben, A., Dolezel, J., Ayling, S., Lonardi, S., Kersey, P., Langridge, P.,
Muehlbauer, G.J., Clark, M.D., Caccamo, M., Schulman, A.H., Mayer, K.F.Xer A\atzClose,
T.J., Scholz, U., Hansson, M., Zhang, G., Braumann, I., Spannagl, M., Li, C., Waugh, R. and Stein,
N. (2017) A chromosome conformation capture ordered sequence of the barley genome.
Nature 544, 427433.

Menardo, F., Praz, C.R., Wicker, Md&eller, B(2017) Rapid turnover of effectors in grass powdery
mildew (Blumeria graminisBMC Evol Bipl7, 223.

Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., Voinnet, O. and Jones, J.D.
(2006) A plant miRNA contributes &ntibacterial resistance by repressing auxin signaling.
Science312, 436439.

Nowara, D., Gay, A., Lacomme, C., Shaw, J., Ridout, C., Douchkov, D., Hensel, G., Kumlehn, J. and
Schweizer, P(2010) HIGS: hoéhduced gene silencing in the obligate bigihic fungal
pathogen Blumeria graminiPlant Cell22, 31363141.

Office of the Gene Technology Regula{@&008) The Biology of Hordeum vulgare L. (barley).
http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/biologybarletoc.

OliveiraGarcia, E. and Valent, B2015) How eukaryotic filamentous pathogens evade plant
recognition.Curr Opin Microbiok6, 92-101.

Olson, A(2016) RNAI Function and Diversityrungi. IrBiochemistry and Molecular Biolagypringer,
pp. 3145.

Pedersen, C., van Themaat, E.V.L., McGulffin, L.J., Abbott, J.C., Burgis, T.A., Barton, G., Bindschedler,
L.V., Lu, X., Maekawa, T. and WeRling(FR12) Structure and evolution of bayl powdery
mildew effector candidate8mc Genomi¢4.3, 1.

Pennington, H.G., Gheorghe, D.M., Damerum, A., Pliego, C., Spanu, P.D., Cramer, R. and Bindschedler,
L.V.(2016) Interactions between the Powdery Mildew Effector BEC1054 and Barley Proteins
Identify Candidate Host TargetsProteome Re45, 826839.


http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/biologybarley-toc

15

Pliego, C., Nowara, D., Bonciani, G., Gheorghe, D.M., Xu, R., Surana, P., Whigham, E., Nettleton, D.,
Bogdanove, A.J., Wise, R.P., Schweizer, P., Bindschedler, L.V. and SpariRQP3PHost
inducedgene silencing in barley powdery mildew reveals a class of ribonudikassfectors.

Mol Plant Microbe InteracP6, 633642.

Pumplin, N. and Voinnet, G2013) RNA silencing suppression by plant pathogens: defence, counter
defence and countecounterdefence.Nat Rev Microbiglll, 745760.

Qutob, D., Chapman, B.P. and Gijzen,([®013) Transgenerational gene silencing causes gain of
virulence in a plant pathogetNat Commun4, 1349.

Raman, V., Simon, S.A., Romag, A., Demirci, F., Mathioni, S.M,, Zh&leyers, B.C. and Donofrio,
N.M. (2013) Physiological stressors and invasive plant infections alter the small RNA
transcriptome of the rice blast fungus, Magnaporthe oryZdC genomicd4, 326.

Ranf, S(2017) Sensing of molecular patterns throwgl surface immune receptor€urr Opin Plant
Biol 38, 6877.

Ridout, C.J., Skamnioti, P., Porritt, O., Sacristan, S., Jones, J.D. and BrowW2Q0& Multiple
avirulence paralogues in cereal powdery mildew fungi may contribute to parasite fithess and
defeat of plant resistancd?lant Ce|l18, 24022414.

Sacristan, S., Vigouroux, M., Pedersen, C., Skamnioti, P., Th@fudtensen, H., Micali, C., Brown,
J.K. and Ridout, C.(2009) Coevolution between a family of parasite virulence effectors and a
class of LINE retrotransposonsPLoS Onél, e7463.

Schmidt, S.M., Kuhn, H., Micali, C., Liller, C., Kwaaitaal, M. and Panstru(20R) Interaction of a
Blumeria graminis f. sp. hordei effector candidate with a barley@RIF suggests that host
vesice trafficking is a fungal pathogenicity targhtol Plant Pathql15, 535549.

Spanu, P.D(2014) The Genomes of the Cereal Powdery Mildew Fungi, Blumeria graminisZ73.61

Spanu, P.D., Abbott, J.C., Amselem, J., Burgis, T.A., Soanes, D.M., Stuber l¢revieran Themaat,
E., Brown, J.K., Butcher, S.A., Gurr, S.J., Lebrun, M.H., Ridout, C.J., S&feizeP., Talbot,
N.J., Ahmadinejad, N., Ametz, C., Barton, G.R., Benjdia, M., Bidzinski, P., Bindschedler, L.V.,
Both, M., Brewer, M.T., Cadi®avidson,L., CadleDavidson, M.M., Collemare, J., Cramer, R.,
Frenkel, O., Godfrey, D., Harriman, J., Hoede, C., King, B.C., Klages, S., Kleemann, J., Knoll, D.,
Koti, P.S., Kreplak, J., LopBaiz, F.J., Lu, X., Maekawa, T., Mahanil, S., Micali, C., Milgroom,
M.G., Montana, G., Noir, S., O'Connell, R.J., Oberhaensli, S., Parlange, F., Pedersen, C.,
Quesneville, H., Reinhardt, R., Rott, M., Sacristan, S., Schmidt, S.M., Schon, M., Skamnioti, P.,
Sommer, H., Stephens, A., Takahara, H., Tho@alistensen, H., Vigooux, M., Wessling, R.,
Wicker, T. and Panstruga, 2010) Genome expansion and gene loss in powdery mildew fungi
reveal tradeoffs in extreme parasitisi8cience330, 15431546.

Spanu, P.D., Pennington, H.G., Jones, R., Kwon, S., Bonciani, G., Thie@hahdler, T., Luong, P.,
Morgan, S. and Przydacz, ¥2018) A fungal ribonucleadi&e effector protein inhibits plant
host ribosomal RNA degradatidnioRxiy 291427.



16

Sukarta, O.C.A., Slootweg, E.J. and Govers€@16) Structurenformed insights foNLR functioning
in plant immunity.Semin Cell Dev Bj&b, 134149.

Tabach, Y., Billi, A.C., Hayes, G.D., Newman, M.A., Zuk, O., Gabel, H., Kamath, R., Yacoby, K.,
Chapman, B., Garcia, S.M., Borowsky, M., Kim, J.K. and Ruvk(R0&3) Identification b
small RNA pathway genes using patterns of phylogenetic conservation and diverlgahae,
493 694698.

Tang, D., Wang, G. and Zhou, J([2017) Receptor Kinases in Pi#athogen Interactions: More Than
Pattern RecognitiorRlant Ce|l29, 618637.

Taruno, T.Y., Stergiopoulos, |. and Coaker (#216) PlardPathogen Effectors: Cellular Probes
Interfering with Plant Defenses in Spatial and Temporal Mandensu Rev Phytopathd@4,
419441.

Vetukuri, R.R., Asman, A.K., TellgrRoth, C., Jahan, S.N.eiRegard, J., Fogelgvist, J., Savenkov, E.,
Soderbom, F., Avrova, A.O., Whisson, S.C. and Dixelif&0C2) Evidence for small RNAs
homologous to effectoencoding genes and transposable elements in the oomycete
Phytophthora infestan?LoS Oné&, e5139.

VillalobosEscobedo, J.M., Carreraéllasenor, N. and Herrer&strella, A(2016) The interaction of
fungi with the environment orchestrated by RNKycologia

Wang, B., Sun, Y., Song, N., Zhao, M., Liu, R., Feng, H., Wang, X. and K01g,)Rudaia striiformis
f. sp. tritici microRNAike RNA 1 (PshilR1), an important pathogenicity factor of Pst, impairs
wheat resistance to Pst by suppressing the wheat pathogemelsited 2 geneNew Phytal215,
338-350.

Wang, M., Weiberg, A. and Jin, F2015) Pathogen small RNAs: a new class of effectors for pathogen
attacks.Mol Plant Pathql16, 219223.

Wang, M., Weiberg, A., Lin, F.M., Thomma, B.P., Huang, H.D. and J20}6) Bidirectional cross
kingdom RNAi and fungal uptake of external RNAs cqidet protection.Nat Plants2, 16151.

Weiberg, A., Bellinger, M. and Jin, E2015) Conversations between kingdoms: small R8Ag.Opin
Biotechno|32, 207215.

Weiberg, A. and Jin, H2015) Small RNA#he secret agents in the plaipathogen interations. Curr
Opin Plant Bigk6, 87-94.

Weiberg, A., Wang, M., Lin,4¥., Zhao, H., Zhang, Z., Kaloshian, I., HuangDHand Jin, H2013)
Fungal small RNAs suppress plant immunity by hijacking host RNA interference pathways.
Science342, 118123.

Whigham, E., Qi, S., Mistry, D., Surana, P., Xu, R., Fuerst, G., Pliego, C., Bindschedler, L.V., Spanu, P.D.,
Dickerson, J.A., Innes, R.W., Nettleton, D., Bogdanove, A.J. and Wisg2BR18) Broadly
Conserved Fungal Effector BEC1019 Suppresses Host @elahbe:&nhances Pathogen
Virulence in Powdery Mildew of Barley (Hordeum vulgareMo).Plant Microbe Interac®8,
968-983.



17

Wolfe, M. and McDermott, J(1994) Population genetics of plant pathogen interactions: the example of

the Erysiphe graminislordeun vulgare pathosystenfAnnual Review of Phytopatholod32, 89
113.

Xia, R., Xu, J., Arikit, S. and Meyers, B2015) Extensive Families of miRNAs and PHAS Loci in Norway
Spruce Demonstrate the Origins of Complex phasiRNA Networks in SeedNrtdiisl Evo)
32, 29052918.

Xia, R., Xu, J. and Meyers, B(2017) The Emergence, Evolution, and Diversification of the miR390
TAS3ARF Pathway in Land Plar®tant Cell29, 12321247.

Zhang, T., Zhao, Y.L., Zhao, J.H., Wang, S., Jin, Y., Chen, Z.Q..\rahgiay C.L., Ding, S.W. and Guo,
H.S.(2016) Cotton plants export microRNAS to inhibit virulence gene expression in a fungal
pathogen.Nat Plants2, 16153.

Zhang, W.J., Pedersen, C., Kwaaitaal, M., Gregersen, P.L., Morch, S.M., Hanisch, S., Kritensen,
Fuglsang, A.T., Collinge, D.B. and Thot@htistensen, H(2012) Interaction of barley powdery
mildew effector candidate CSEP0055 with the defence protein PRibI®lant Pathql13,
11101119.

Zhu, H., Xia, R., Zhao, B., AnqY,.Dardick, C.D.,dllahan, A.M. and Liu, £2012) Unique expression,
processing regulation, and regulatory network of peach (Prunus persica) miBM&glant
biology, 12, 1.



18

CHAPTER 2.REGULATION OF BARLEY POWDERY MILDEW EFFECTORS THROUGH SMALL
RNAS

Modified from a manuscriptio be submitted to BMC Genomics

Matt Hunt*2, Meiling Li&* Greg Fuerst Sandra Mathiofi¥’, Blake Meyet%’, Daniel
Nettleton®*# and Roger Wisé:3>"

linterdepartmental Genetics and Genomics, lowa State University, Ames, lowa, 50011, USA
’Depatment of Plant Pathology and Microbiology, lowa State University, Ames, lowa, 50011,
USA

3Interdepartmental Bioinformatics and Computational Biology Program, lowa State University,
Ames, lowa, 50011, USA

“Department of Statistics, lowa State Universitynes, lowa, USA

5Corn Insects and Crop Genetics Research, U@piéultural Research Service, lowa State
University, Ames, lowa, 50011, USA

SUniversity of Missourg Columbia, Division of Plant Sciences, 52 Agriculture Lab, Columbia, MO
65211, USA

’DanforthCenter St. Louis, MO 63132

*Correspondence to: roger.wise@ars.usda.gov

Author Contributions

MH contributed to project development, data analysis and interpretation, and wrote the
manuscript with input from RW; ML contributed to statistical analysegy&stormed small
RNA sequencing experiments; SM & BM performed PARE sequencing experiments; DN
contributed to statistical analyses; RW contributed to project conception, developraadt,

data interpretation.



19

Funding

Research supported in part by the Nat&drScience FoundaticrPlant Genome Research

Program grant 139348 to RPW and DN3-39229 to BCMand USDAgricultural Research
Service project 362821000060-00D to RPW. The funders had no role in study design, data
collection and analysis, decisiam publish, or preparation of the manuscripdention of trade
names or commercial products in this publication is solely for the purpose of providing specific
information and does not imply recommendation or endorsement by the U.S. Department of
Agricultue or the National Science Foundation. USDA is an equal opportunity provider and

employer.

Abstract
Background

Fungal small RNAs (sRNAs) are in many ways diverged in function from plants and animals. The
expression of SRNAs in fungi has been linked wiblegsses including sexual reproduction, DNA
damage repair, viral defense, and regulation of gene expression. Successful barley leaf

infection for the obligate biotropBlumeria gramini$. sp.hordei(Bgh requires tight

regulation of effectors and protas regulating metabolism, growth, and reproduction. sRNAs

can act as post transcriptional regulators in fungi that could control these functions. However,
the function of SRNAs can be especially challenging to study in obligate biotrophic plant
pathogenc fungi that require the host plant to complete their life cycle. Studying their

expression requires epurification with the host SRNA pool. Therefore, the regulatory impact

of SRNAs oBghgene expression is relatively unknown and unexplored.



20

Resuls

Our study explored the sRNA populatiorBgfhinfected barley leaves and identified likely gene
regulatory targets. To accomplish this goal we examined sRNA expression over a time course
representing the key stages Bfjhinfection of barley &ppres®rium formation, penetration of
epidermal cells, and development of haustoriajanr fastneutron derivedmmune-signaling
mutants and their progenitor line, Cl 1615The sRNAequencing (SRN#eq) data was

analyzed with a custom pipeline to identify41 predicted micro RNkke (milRNA) species.

Parallel analysis of RNA ends (PARE) libraries were used to validate target gene prediction and
identified target genes enriched in the effector, metabolism, and translatated functional
categories. Seeral members of the effectors homologous to AVRAL and AVRA10 (EKA) gene
family were identified with natural antisense miRke (natmiRNAlike) hairpins encoded in

the reverse orientation on the opposite genomic strand. This process may result itiveelec
silencing of these loci compared with the overwhelming majority of predicted Bgh genes, that
have no observed mapping sRNAs.

Conclusions

Our data suggest that small RNAs frBghregulate gene expression enriched in several
functional categories inctling metabolism, translationelated, and pathogen effectors.
Regulation of effector gene expression though sRNAs is relatively unknown in fungt. PARE

validated targets of predicteBghmilRNAs include both members of the EKA and candidate
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secreted efector protein (CSEP) effector families. For some members of the EKA family this
regulation involves heavy sRNA production that may lead to broad silencing of the EKA family in

a developmentally timed manner.

Keywords

Bgh barley, small RN8eq, tranposable elements, EKA family, CSEPs, effectors

Background

Obligate biotrophic fungi require a living host throughout their life cycle to successfully
reproduce. To do this they must maintain a careful balancing act to suppress plant defenses,
obtain nutiients for growth and reproduction, and at the same time keep the host plant alive
throughout the infection cycle. Plant defense responses work in multiple layers that overlap,
but serve the distinct functions of nespecific immunity, and evolved pathogdefense. The
non-specific defense responses are generally triggered by chemical motifs specific to types of
pathogens called pathogen associated molecular patterns (PAMPS) such as flagellin for bacteria
and chitin for fung{Ranf, 2017) The PAMP molecidare recognized by pattern recognition
receptors (PRRSs) that initiate a signaling cascade that induces afacelitd defense response
called PAMRriggered immunity (PTI) that can include the production of reactive oxygen
species (ROS), a builg of cdlose and other cell wall materials, and the production of
antimicrobial compounds and hydktic enzymegGiraldo and Valent, 2013, Olivei@arcia

and Valent, 2015) The PTI response is sufficient to stop pgtroinfection for the majority of
non-evolved species. However, some pathogens have evolved effector molecules that can

suppress the PTI response, thereby creating effector triggered susceptibility (ETS). Filamentous
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pathogens produce multiple effectoratecules that manipulate host cellular metabolism and
defense to create an infection site suitable for growth. Effectors can come in the form of
proteins (AVR from Blumeria gramini$. sp.hordei) SRNAs (BsiR3.1 fronBotrytis cinereg

and metabolites (coronatine fronPseudomonas syringp@-eyset al,, 1994, Weibergt al,,

2013, Liet al, 2016) To overcome ETS, plants have evolved a secondary defense mechanism
called effectortriggered immunity (ETI) wherucleotidebinding leucine rich repeat proteins
(NLRs) act as receptors that either bind directly to pathogen effectors or recognize effector
action on guard proteins and trigger a strong defense response that can include the
hypersensitive respong@aggst al,, 2017)

Bghis an obligate biotrophic pathogen of barley that infects leaf epidermal tissue. The
genome ofBghis fairly large at ~130 Mbp, compared with its closest relatives, as is common in
fungal biotrophqParlangeet al, 2011, Raffaele and Kamoun, 2012, Dengl., 2015) The
relative increase in genoensize is thought to be mostly due to a proliferation of transposable
elements (TES), as 74% of Bghgenome is made up of repetitive sequen¢8pantet al,,

2010, Frantzeskaket al, 2018) TheBghgenome irtludes several hundred effector genes that
encode proteins to both suppress barley defense responses and to create a nutrient sink for
fungal growth and reproductio(Kusckhet al, 2014, Frantzeskaket al., 2018) Effector

proteins are generally secreted through the haustorial feeding structure, although the
mechanism of host uptake is unclg@iraldo and Valent, 2013, Dormaanal., 2014)

Effectors inBghcan be brokn into two categories: candidate secreted effector proteins
(CSEPs) and effectors homologouai: and AVR10 (EKAYSpantet al,, 2010) The EKA

effector family is unique in that its members are located iasifl an active LINE TE family
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(Amselenet al., 2015) The expression of members of both families is required foBfyhl
virulence(Ridoutet al., 2006, Bourrast al., 2018)

Small RNAs (sRNAS) in fungi have been shown to regulate sexual reproduction, DNA
damage repair, viralnd transposable element (TE) defense, and regulation of gene expression
(Changet al., 2012, Villalobofscobedcet al, 2016) Functional RNA interference (RNAI) has
been reported in all the major fungal phyla including Ascomycota, Basidiomycota, and
ZygomycotgOlson, 2016) Until recently, no sSRNAs had been identified in fungi similar to the
canonical plant or animal type miRNAs. However, SRNAs derived in a similar mechanism to
miRNAscalled miRNAke RNAs (milRNAs), were found that are transcribed hairpin genomic
sequences iftNeurospora crass@.eeet al, 2010) These milIRNA sRNAs have been identified in
several ascomycete and basidiomycete species and function in developmental and metabolic
regulation(TorresMartinez and Rui¥/azquez, 2017)In several filamentous pathogens
effector genes have been shown to be regulated by sRINAhe oomycete pathogen
Phytophthora soja¢he avirulence factor Avr3a is differentially silenced by small RNAs in a
transgenerational fashion, allowing for infection of plants withRagene recognizing the Avr3a
protein (Qutobet al, 2013) InPhytophthora infestansRNAs were identéd that target
numerousRxLRand Crinklereffector genes that were differentially accumulated between
highly and weakly pathogenic straif\éetukuriet al., 2012)

Transposable elements make up a large porbbeukaryotic genomes ranging from
44% in humans to 81% in barl@inet al,, 2015, Mascheet al, 2017) The activity of TEs has
both advantages and disadvantages for their host genomes. Active transposatlents can

insert directly into coding sequences, knocking out function of these genes. However, TEs have
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also directly evolved into functional miRNAs that allow tissue and developmental level
regulation of gene expressidRobertset al., 2014) The phenomenon of TEs evolvingint
MiRNAs has been observed in plants, animals, protists, and(fliagget al, 2012, Surt al,,
2012, Robertgt al, 2014, Asmaet al,, 2016)

In this study, we sought to identify SRNAs involved in theleggpn ofBghgene
expression during parasitism of its barley ho3to accomplish this goal we infected seedlings
from barley line CI 16151 (containing th#a6 powdery mildew resistance gene) and four fast
neutron derivedmmune-signaling mutantén atime-course experimentepresenting key
stages oBghdevelopment on its barley host: appressorium formation, penetration of
epidermal cells, and development of haustofRNA extracted from a 48our time course of
Bghinfected barley leaves was used t@ke both sSRNAeq and parallel analysis of RNA ends
(PARE) libraries to identiBghsRNAs and identify transcript target sites. Effector targets were
highly enriched in the PAREvivovalidated targets, along with several other categories
including meabolic processes and translational regulati@@everal EKA effector family
members overlap with predicted sRMAcoding hairpins, which is correlated with high SRNA

mapping density at those genomic locations.

Methods
Fungal and Plant Material

Barley Ines CI 16151Mla6), m18982 ihla6), m11526 rar3), m19089 lfin1), and m19028ntlab
+ bin]) were grown with supplemental lighting under temperature controlled greenhouse

conditions. The Cl 16151 barley line was created by introgression bflitegene inb
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universal susceptible cv Manchu(idgrgensen and Moseman, 1982\ is resistant t@gh
graminisf. sp.hordei(Bgh) isolate 5874AVR1, AVRe, AVR12). Mutant derivatives of Cl 16151
were created through fasnheutron mutagenesis as described previoydhenget al., 2009a)
Mla6 is a major NL#&/pe resistance gene, wkiRar3(Required for Mla6 resistan@} is an
unlinked locus required favla6 function. Blufensinl(BInl) is a negative regulator of PTI
signalingMenget al,, 2009b)and thebln1 mutant exhibits enhanced basal defenséuet al.,,
2015) Plants containinghte mutant forms oMIla6 or Rar3are susceptible to 5874 infection,
unlike the CI 16151 parental &nBghisolate 5874 was propagated ¢fordeum vulgarev.

Morex in a growth chamber at 18°C with a 16 hours light, 8 hours dark day/night cycle.

Experimental Design

Planting, stage of seedlings, inoculation, and sampling of leaf tissue were followledaibed
previously(Caldoet al., 2006, Moscowt al., 2011) Barley tissue used for SRNA libraries was
grown in three separate replicates grown in consecutive weeks. Each genotype was planted in
20 x 3@cm trays in sterilized potting soil. Each experimental tray consisted of six rowsldf 12
seedling first leaves, with rows randomly assigned to one of the six harvest times inr@atplit
design. Within each replicate the five barley genotypes were infeciddahigh density of
freshBghconidiospores (100 / cfhand harvested at 0, 16, 20, 24, 32, and 48 hours after

inoculation (HAI) for a total of 90 tissue samples.
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Small RNA Sequencing and Data Analysis

Total RNA was extracted froBghinfected barleyéaf tissue following the hot (60°C)
phenol/guanidine thiocyanate method described previoyshaldoet al., 2004, Caldet al,,

2006) Small RNA libraries were produced using the lllumina TruSeq Small RNAKitibrary
(llumina, Inc., San Diego, CA, 92122), aslemanufacture@ protocol. The ninety small RNA
lllumina libraries were sequenced on a HiSeq 2500 (lllumina, Inc.) at the lowa State University
DNA Facility in Ames, IA. Reads were quality assessepthsiFastQC program version 0.11.3
(Andrews). Reads were quality filtered and adapters were trimmed using Trimmomatic version
0.33(Bolgeret al, 2014) Reads were compared with the Rfam database using tleeniaif

program version 1.1.@0Nawrockiet al,, 2014)and used to filter tRNAs, rRNAs, snoRNAs and
snRNAs from the data. Two programs were used to identify SRNA candidates of interest from

Bgh miRDeegP (version 1.3) and ShortStack (version 2.(x@nhg and Li, 2011, Axtell, 2013)

Differential Expression

For each time point, we performed a differential expression (DE) analysis, comparing relative
abundance of sRNAs from the different immune mutants compared with Cl 16Tb1 We

count datasets were normalized and analyzed by using DESegeéet al,, 2014) We added

0.5 to all counts and rounded them to the nearest integer to fulfill the input data format
requirement while applying DESeg2. Reads with 0.9 quantile smaller than a count of 2 are

assumed to be expressed at a very low level and were removedthremnalysis. The
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remaining sRNAs/reads were analyzed for DE. Nayes were adjusted for multiple testing
error using Qvalue calculationgNettleton et al., 2006) and sRNAs/reads were filtered for a Q

value of less than 0.05.

PARE Library Sequencing and Data Analysis

Source RNA that was used for SRNA sequencing above was also used f&tARREbraries

were prepared apreviously describeZhaiet al., 2014)at the Donald Danforth Plant Science
Center in St. Louis, MO and sequenced on a HiSeq 2500 (llluminaf the.)Jniversity of

Delaware Reads were quality assessed gdime FastQC program version 0.11.3 (Andrews

2010). Reads were quality filtered and adapters were trimmed using Trimmomatic version 0.33
(Bolgeret al, 2014) The two PARE analysis programs sPARTA (versiof(KaRgnaet al,,

2014)and CleavelLand (version 4(Addoc-Quayeet al, 2009)were used independently to

identify likely SRNA targets using SRNA sequencing data, EnBghitbdnscriptome (version

32) (Spanwet al,, 2010) and PARE sequencing data. PARE validated targets were filtered based

on adjusted pvalues using a 1% false discovery rate along with a PARE category of less than 2.

Availability of Data and Materials

Small RNA sequencing dataset has been submitted to GEBinder the accession number
GSE115992PARE library sequencing data has been submitted to NCBI under accession humber
GSE116691Supplemental Materials for Chapter 2 can be acaesséhe zipped folder

G/ KFLIGSNWHP{ dzLILI SYSYy Gt yCAt Sa¢g 2y t NRPvdzSaido
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SupplementaMaterial [See Appendix]

Supplemental Table 2.1 Eghmapped read expression details
Supplemental Tabl2.2 PAREvalidated predicted miRNAs and barley genome mamgiRNAS
Suppgemental Table.3 PAREvalidated transcript target annotations

Supplemental Tabl2.4 EKA homolog/hairpin overlap details

Results
Identification of miIRNA Candidates from sRNA Data

To identifyBghsRNAs involved in regulation of gene expression, ss&éghbraries were

produced frombarley line Cl 16151 and four fastutron derivedmmune-signaling mutants.
Bghinoculated 2t leaves (5 genotypes x 6 time points x 3 biological replications) were
harvested from a spliplot design at 0, 16, 20, 24, 32, a#@ HAI for a total of 90 sampleEhe
sequenced libraries contained ~2.8 billion total reads that were filtered and mapped ®ghe
genome, as detailed iRigure2.1A. Because there are few, if any, fungglecific resources for
predicting functional BNAs from sRNA sequencing data, two separate approaches were used
to independently identify potentially function®ghsRNAs. The first approach was to use two
plant-specific miRNA prediction programs (ShortStack and miRBg&ppredict milRNAs with
structural similarities to plant miRNAs from tBghaligned read¢Yang and Li, 2011, Axtell,
2013) The predictions from these programs will identify milRNA candidates that are similar to
plant miRNAshut will not necessarilydentify milRNAs that act according to fungalecific

rules. However, as the rules fBghspecific milRNAs are not known, the plant rule based

programs were used herdhe ShortStack and miRDeBprograms predicted a total of 1,741



29

milRNAgandidates with plant miRNKke structural features. The second approach was to
filter reads for exact matches to tgghgenome and for at least 10 counts across the 90
libraries. The reads that passed the mapping and count filters were desigrizgbdenome
mapped sRNAsOf the ~86 million unique reads from the full SRb&Y dataset, ~955,000
mapped exactly to th8ghgenome and had at least ten counts. The size distributions of both
the Bghgenome mappedRNAsNnd the progranpredicted SRNAs wasicentrated at 2623
nucleotides Figure 2.2AB), while the genome mappesRNA$iad much longer tails with a

small peak at 4%0 bp with reads mapping to rRNA fragments.

ax
(s}

¢CKS o0lasS O02YLRaAldGA2y 2F (GKS pQ Yz2aid ol
uracils in these positions (99.7%) as is common for several predicted fungal mifFRiNAe (

2.2GD) (Leeet al, 2010, Jiangt al, 2012, Laet al,, 2013, Liet al,, 2016)

Candidate milRNAs and Genome MappeRINAs are Primarily Differentially Expressed at 48
HAI

We sought to identifBghsRNAS regulating gene expression in a developmental time
course from 0 HAI (undifferentiated conidiospores) to 48 HAI (extensive secondary hyphal
growth) during visually asympinatic stages of barley infection. To identify SRNAs important in
Bghdevelopment and successful barley infection, miIRNA candidate8ghdgenome mapped
SRNAs were analyzed for differential expression (DE) using the DESeq?2 pitogyrest al.,

2014) Small RNA expression was analyzed at each time point, comparing expression in the four

mutant lines individually to expression in wilghbe Cl 16151. In total, 13311 (14.1%) of Byh
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Figure2.1 Small RNA sequencing and PARE sequencing analysis piataiéRNAeq Illumina reads
weretrimmed, filtered, and run through the two plant miRNA identification programs miR{Peapd
ShortStack to identify milIRNA candidates andsBEAeads. B) Sequencing reads from the PARE
libraries were trimmed and filtered and analyzed with the SPAR B CéeavelLand prograni8ddo
Quayeet al,, 2009, Kakranat al., 2014) Additional input data was provided from tBgh
transcriptome and milRNA candidates plusdBilAreads developed from the sSRNA sequencing
pipeline.

genome mapped sRNAs and 268 (15.4%) of the milRNA candidates were DE in at least one time
point as compared with wild type&S(pplemental Table 2.1)The vast majority of DEgh
genome mapped sRNAs and milRNA candidates (98.6% and 100%, respeotireeDE only at

48 HAI Table 2.). Themla6é mutant had significantly higher number of differentially expressed
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Figure2.2 Size and base distributions fBghgenome mapped sRNAs and milRNA candidigSize
Distribution for sSRNAs mapped to tBghgenome. (B) Size distribution dBghmilRNA candidates.C(
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reads at 48 HAI than any other condition suggesting a large shift in SRNA regulationtia¢hat

point. The number oBghgenome mappedRNAs was not significantly daifent between

02 YL

compatible and incompatible lines at 48 HAI, suggesting that the peak of DE sRNAs at 48 HAl is

unrelated to relativebiomass oBghin incompatible vs. compatible interactiorfBigure 2.3)
This suggests th&ghis heavily regulating gene gpession at the postranscriptional level in a

developmentally timed manner.



32

In silicoPredictions Suggest milRNA Candidates and DE GerAdaygped Reads Regulate
Effector Gene Expression

Predicted transcript targets of the DE milRNA candidates and genmappedsRNAsvere
identified using the web servdrased program psRNATarget

(http://plantgrn.noble.org/psRNATargel/ The psRNATarget program models miRNA target

sites both by target site complemaeanity, as well as the accessibility of the target site to the
SRNA. The program can also make predictions whether transcript cleavage or translational
inhibition are more likely according to their model. Usimgilicopredictions for SRNA targets,
without verification can have pitfalls, including high false positive rates of up to(2b&et al.,

2014) However, if used carefully and with these caveats in mind, useful biological data can be
extracted from thee results. Of the 268 DE milRNA candidates, 78 (29.1%) are predicted to
have targets in the EnsemBghtranscriptome (release 36) by psRNATarget. These predicted
transcript targets were compared with the database of predidBgghtransposable elements

(TEs) from Amselem et al. (2015a) using BLASTn, and 75 of the 78 (96.2%) had-Balu&3n e

of less than 1€l5, indicating the predicted targets have a high level of similarity to known TEs.
The DBBghgenome mapped sRNAs were also compared with thergbldgghtranscriptome,

and 1,315 of 13,311 (9.9%) reads had 702 predicted targets (data not shown). These predicted
transcript targets were also compared with the predicghTEs using BLASTn and 274 of 702
(39.0%) transcripts had homology to predicghTEs at an-®alue cutoff of 1e15. The

mMilIRNA predicted target transcripts were functionally annotated and categories of interest with
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Table2.1 Number of differentially expressdgighgenome mappedRMs as compared to
wildtype (CI 161513t O to 48 hours after inoculation

Genotype Time Point | Positive DE Negative DE

bin1(m19089) 0 0 0
mla6 (m18982) 0 1 0
rar3 (m11526) 0 0 0
mla6 + bini(m19028 ) 0 0 0
bln1(m19089) 16 0 1
mla6 (m18982) 16 0 17
rar3(m11526) 16 0 5
mla6 + bini(m19028 ) 16 0 2
bln1(m19089) 20 0 22
mla6 (m18982) 20 15 28
rar3 (m11526) 20 0 40
mla6 + blni(m19028 ) 20 1 13
bln1(m19089) 24 0 2
mla6 (m18982) 24 2 4
rar3 (m11526) 24 0 0
mla6 + bini(m19028 ) 24 0 2
bln1(m19089) 32 0 2
mla6 (m18982) 32 3 26
rar3 (m11526) 32 0 0
mla6 + binl(m19028 ) 32 0 4
bln1(m19089) 48 0 4
mla6é (m18982) 48 8090 997
rar3 (m11526) 48 2433 285
mla6 + blni(m19028 ) 48 1257 55

high percentages include effectors (33.3%), kinase/phatase (9.4%), cellular structure and
function (5.8%), and metabolism (5.4%alle 2.3. The relatively high percentage of predicted

effector targets (both EKA and CSEP types) may indicate a coordinated control of these

1 Note thatmla6 at 48 HAI is has significanttyore SRNAs thaall other conditions (pralue of
less than 0.001).
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Figure2.3 Mediancounts ofBghgenome mapped sRNAs for each barley line and ioiet
combination. Reads were mapped to tHgghgenome with Bowtie, anthedian counts from all three
replicates for each condition were compared via AN@Walysis.The null hypothesis was not rejected
that the median values are not statistically different with an alpha of 0.05. Standard error bars are
shown for each condition.

transcripts at 48 HAI in thBghstrain 5874 in our study. This suggestieselopmental
transition that may require the function of SRNAs to regulate gene expression during and

perhaps after the 48 HAI time point.

PAREValidated milIRNAs an@ghGenomeMapped Reads Target Genes in Effector Function
and Metabolic Control

TradtA 2y I f f &2 @GFfARFGAY3I (GFNBSG LINBRAOUAZ2YA 4l &
technigue; however, the PARE method provides a way of surveying transcript cut sites in a high

throughput manneiin vivdGermanet al., 2008) The reads in PARE libraries represent a
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Table2.2 Functional annotation of psRNATatged PARE predicteBighsRNA transcript
targets

psRNATarget

Functional Category Predictions PAREValidated Targets
Effector 33.3 19.5
Metabolism 5.4 14.8
Hypothetical/Unknown 17.4 13.4
Translationrelated 2.6 12.1
Signaling 11.0 7.4
Transporter 2.3 6.7
Cellular Structure/Function 5.8 6.0
Transcriptional Regulation 5.8 4.0
Protein Folding 0.6 4.0
Vesicle Transport 2.1 3.4
Protein Turnover 2.0 2.7
Energyrelated 0.1 2.7
Post Translational

Modification 0.6 2.0
Redox Control 0.3 1.3

distributioy’ 2 ¥ Odzli p QA cBnfaiigig trans@ipes. Th2 seguenced PARE libraries in
our study contained ~166 million raw reads that were filtered and mapped t®ttegenome
as described ifrigure2.1B. The two programs sPARTA and CleavelLand werdasedlyze
the PARE library sequencing data independently and identify sSRNA/transcrip{Awuic
Quayeet al, 2009, Kakranat al, 2014) The output sSRNA/transcript pairs were filtered using
an adjusted pvalue of less than 0.05 and a PARE category of less than 2 (reads were equal to
the maximum for the target transcript).

The results of the filters included a total of 230 pairs, 192 PAR&ated milRNAs and
149 uniqueBghtranscripts with high likelihoodf regulation through transcript cleavage
(Supplemental Table.2 [Appendix]). The PARE validated targets were compared with the

predictedBghTEs using BLASTn and 65 of 149 (43.7%) transcripts had homology to predicted



36

BghTEs at an-®alue cutoff of 1e-15. Functional annotation of the target transcripts was
accomplished using available Ensembl annotations, Interproscan annotation (versiebys.15
0), and literature reviewupplemental Tabl.3 [Appendix]). As with the psRNATarget
annotations of higly expressed read targets seenliable2.2, effectors (EKA and CSEP type)
are the largest functional category (19.5%glple2.2). Other functional categoriasith higher
percentagesnclude metabolism (14.8%), translatioelated (12.1%), and signalif.4%).

The effector category contains ten CSEP members and twelve members of the EKA
family. Several of the predicted CSEP targets, including CSERY34nd CSEP0196
(BEC1040), have published functionBghpathology(Pliegoet al,, 2013, Liet al., 2016)
Several of the DE milRNAs regulate effector genes and are upregulated at 48 HAI. This may be
related to a change in effector expression associated with a transition in lifestyle from primary
infection to reproduction. Homologs of many CSEP and EKA effectors are only found in
powdery mildews, and many are undergoing positive selection pregsumselenet al,, 2015,
Bourraset al,, 2018) These properties inchate that they are both important to powdery
mildew biology and subject to rapid evolution. Rhytophthora soja¢he avirulence factor
Avr3a is silenced by sRNAs, leading to infection of plants carryirigggaeeRps3aQutob et
al., 2013) In a similar manner, the silencing of efflecgenes may allow selective escape of
barley resistance factors.

Metabolic targets were spread across many facets of primary metabolism, such as
amino acids, fatty acids, carbohydrates, and nucleic acids. This broaeseobiss of
metabolic gene targts indicates thaBghmay be controlling longerm metabolic flow with

SRNAs in a similar fashion as plants and ani(rtgtiget al., 2015, Chiewrt al., 2017) In one
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example of metabolic control a transcriphcoding a NAD(#«ependent glutamate synthase is
predicted to be cleaved by seven different SRNAs located at independent lociBythe

genome. Control of nitrogen metabolism is especially importaf@gtdacks enzymes related

to the assimilation of miate (Spanuet al, 2010) The translatiofrelated category comprises
many members that are either components of ribosomes or regulation translation. Control of
translation components would allow active gene gegsion of infection related transcripts
without the metabolic cost associated with protein production until they are needed in the
infection process. Members of the signaling category include several kinases and calcium
signalingrelated proteins. Calem signaling has been shown to be important for successful

infection in plant fungal pathogens suchMagnaporthe oryza€Nguyenet al., 2008)

Regulation of EKA Family Membettsrough Embedded PAR¥alidated Hairpin RNA

A hairpin forming precursor designat@&tfh Cluster 643, identified through the ShortStack
program, encodes seven PARHiIdated milRNAs that are predicted to targetvendifferent
Bghtranscripts Figure2.4). Three of these predicted targetscode effectors including two
EKA family members ar@SEP0008TheCSEPO00§ene encodes the avirulence protein AYR
that is recognized by the-protein MLA1 and was recently identifiedBghusing a
transcriptomewide association studfLuet al, 2016) One of the otheBgh Cluster 643
encoded sRNA targets is tA&/Rico-like geng(BGHDH14_bgh06737). TA¥R1olike protein is
a member of the KA effector family and has 861 homologs in Bghgenome at a BLASTh e
value cutoff of 1e6100. The EKA effector family open reading frames are located within an

active LINEype TE, and are spread across Bghgenome(Amselenet al., 2015) Some EKA
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family members actively encode peptides, but many are inacte.identified 20 homologs of

the AVRuolike gene (BGHDH14_bgh06737) that are encoded in genomic loci overlapping with a
homolog of the hairpin preasorBgh Cluster 643 (BLAST+value cutoff of 1e100) on the

opposite strand $upplementalTable 3Appendix]). Each of these overlapping sequences have
exact matching reverse complementary portions with rewerlapping overhangs as shown in
Figure 2.5.The length of these overlaps and the hairpin nature ofBgh Cluster_643

homologs suggests a mechanism for control of these EKA family members in a manner similar
to natural antisense miRNAs (raiiRNAS) in plantd_uet al., 2008) The proposed model for
regulation of EKA&amily members through and opposistrand encoded hairpin RNA is shown

for Bgh Cluster_643 and aAVRucolike gene irFigure2.6.

Differential Genic vs Nowenic SRNA Mapping

We explored tle mapping frequency dghgenome mapped sRNAs both inside and outside of
predicted gene models. The supercontigs from the enséghigenome (v32) were divided

into genic and nofgenic portions, based on the predicted gene models, resulting in 6469
predicted gene segments, and 13311 rgenic segments. The avera@ghgenome mapping
SRNA density was 15.6 read/Kb for genic segments and 1767.6 fgremimsegments. In fact
84.6% of all predicted gene models had no mapped reads, as compared with 144686 in
genic segments. In many cases there are regions of high SRNA mapping upstream and
downstream of predicted transcripts. There are exceptions to this general trend, as
demonstrated in with theAVRuc-like gene (BGHDH14 _bgh06737) and the 20 homoladfs wi
predicted overlapping hairpins. These potential EKA family member genes have a predicted

mapping density of 4702.7 read/Kb, which can be explained by the presence of the hairpin
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Figure2.4 Bgh Cluster643 structure and encoded PAR&idated milIRNAS(A) Linear representation
of Bgh Cluster_643 with milRNA encoding regions for-6848 6437 highlighted. B) RNAfold predicted
Bgh Cluster_643 structure with SRNA mapping density scale from blue (eoag®) to purple (>=10
mapping reads) outputted from the ShortStack prograf. Qetails oBgh Cluster_643 predicted
mMilIRNAs including name, location Bgh Cluster_643, predicted transcript target annotation, and
number of mismatches/gaps in transcrggignment [©) Alignments of each predicted milRNA to their

respective predicted transcript targetsth cut sites represented by red arrows
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sequences located on the opposite strand to the EKA gene homologs. As an example, the
transcript RNAseq mappig data, along with sSRN#eq mapping data is shown fANVR1clike

gene (BGHDH14 bgh06737) and its immediate downstream neighboring gene encoding a
lanosterol synthase (BGHDH14 bgh00862) is showigure 2.7 The lanosterol synthase
encoding gene has Oapped sRNAeq reads, while thAVRaiclike gene has over 4300

mapped sRNAeq reads. The functional significance of the SRNA mapping frequencies inside
and outside of genic regions is unclear, but one possible explanation is active silencing

mechanismsunctioning on transposable elements that surround areas of active transcription.

Discussion

In this study we sought to understand h@®ghsRNAs affects fungal gene expression during
infection of the barley host. To address this question we comparedRMNAsexpression @gh
isolate 5874 across five barley lines with 6 time points from 0 to 48 HAI and three replications
for a total of 90 SRNA sequencing libraries. These libraries contained ~2.8 billion reads that
were filtered and mapped to thBghgenone. Two independent approaches were taken to
identify potentially biologically important SRNAs. First, plant rbl@sed miRNA prediction
programs were used to predi@ghcandidate milIRNAs and second, reads were identified that
mapped exactly to th8ghgenome, had at least ten counts across all libraries, and were DE in
at least one line compared to wild type during at least one time point. These two approaches

yielded 1741 milRNA candidates all311 DBghgenome mapped sRNAs. The collection of
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Figure2.5 Overlapping portions of 2BVRiqlike gene homologs witBgh Cluster 643 homologsThe

top line in the diagrams represent thiggh Cluster_643 homolegncoding strand, while the lower line
represants the AVRiolike gene homologexactly overlappingositions are denoted with dashed black
lines. Bghsupercontigs are listed on the left of each overlap diagram and start and stop portions of the
genomic sequences are shown to the left and right afregenomic strand.
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Figure2.6 Bghgenome supercontig HF944340 encodes both a natural antisense siRNA (natsiRNA)
transcript as well as a member of the EKA effector gene famfiilgBgh Cluster_643atsiRNA
transcript is processed into several milRNAs candidates incl&gjhgCluster_643. The EKA transcript
(BGHDH14_bgh06737) is encoded antiparallel to the hairpin and is transcribed and targeted for
transcript cleavage bBgh_Cluster_642.

predicted milIRNA candidates may not represent the complete and accurate pool of milIRNAs
from Bghas two plant rulebased programs were used to identify these candidates. However,
because of a lack of knowledge of fungal specific nalése community, the plant rules

programs can be used.
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Figure2.7 Transcript and sSRNA sequencing reads mappdbtoggenome positions near
BGHDH14_bgh06737 and BGHDH14_bgh0086&2.gene transcript odels are highlighted with the
blue lines, while the transcript and sSRNA reads for each gene are highlighted with the red #)xes. (
Transcript based RN#eq reads mapped to theghgenome. B) SRNA based RMN&q reads mapped to
the Bghgenome.

The ste distribution of miIRNA candidates aBghgenome mappedRNAsanged
mainly from 21 to 24 nucleotides, with a peak at 21 and 22 nucleotides. The distribution seen
in Figure 3M is quite similar to some studies with peaks at 22 and 23 nucledlidest al.,
2015) although other studies have a strong peak between 20 and 22 nucledtidast al.,
2013, Cheret al,, 2014, Menget al., 2017) This size distribution mde species or lineage
specific as the production of different sizes of small RNAs can fall outside this range as well
(Chenret al, 2015, Yang, 2015)The ranges in size distributions for various fungal species

reflects the relative lack of conservation of SRNA synthesis pathways between different types of
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fungi (TorresMartinez and Rui¥azquez, 201® ¢KS o0l &S Rnasibddadeindzi A2y 2
many fungal milIRNAs has a strong bias towards uracil nucleotides as is seen in this study (Figure
3C)(Leeet al,, 2010, Zhowet al., 2012) Plant miRNAs that are loaded into Argonautel (AGO1)
FfY2ad dzyA@SNBERFffe KIS pQ dzNI OAf a(Fahgad O2 Y LI
Qi, 2016) A similar mechanism may be conservediimgf, includingdgh There are two copies
of Dicer, two copies of Argonaute, and one copy of R¥pendent RNA polymerase in the
annotatedBghgenome, and functional evidence from HIGS experiments demonstrate an active
RNAI mechanism in the fungus (Nowataal., 2010).

Of the268 DE milRNA candidates and 1331 BDEgenome mappedRNAswe found
that 100% and 98.6%, respectively, were only DE at 48 HAI, and only in compatible interactions.
This finding is curious, given that transcript DE studies fsangroup have identified
significantly DE transcripts at every time point. This probably means that this huge wave of DE
in BghsRNAs is related to a developmental transition in successful infectiene¢mpatible
interactions). This may be an imptant transition point in the infections, wherBghis moving
from nutrient acquisition and defense suppression towasdsondary hyphal growth,
reproduction and a new wave of effector expressiohhis developmental stage changay
require a different seof proteins for proper growth, and therefore a specific set of SRNAs is
significantly upregulated in expression to quickly reduce target transcript levels.

To complement the SRNA sequencing data, we employed the parallel analysis of RNA
ends (PARE) tanique to authenticate predicted transcript cleavage sitegivofor both the
MilIRNA candidates and the Bghgenome mappedRNAs The PARE technique validates

awb! GONIYAONARLIG GIFNBSG&a o6e al YLX Ay3 (el ya ONA LI
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In our analysis, we identified several highly enriched target annotation categories that are
directly related to successful barley infection including effectors, metabolic genes, and
translationrelated genesTable2.2).

Fungal effector proteingiiplant pathogens are vital for both reducing defense
responses and nutrient acquisitioBghisolate DH14 has two effector types, CSEPs and EKAs,
that have 722 and ~1350 copies edBourraset al,, 2018, Frantzdskiset al., 2018) The
combination of these potential effector genes represent ~30% of the predicted genes overall
for Bgh Bgheffectors are especially important for successful infection of barley, as reducing
expression of even a single effector cagnificantly affect pathogeniciZhanget al.,, 2012,
Ahmedet al,, 2015, Aguilaet al,, 2016) About 20% of all PARAEIlidated targets in our filtered
set were effectors. These potential targets include AVEhe cognate avirulence effector to
barley Mlal(Zhouet al., 2001, Liet al., 2016) CSEP019@n effector that when knocked down
with host induced gene silencing (HIGS) results in significant reductigghipathogenicity
(Pliegoet al.,, 2013) several additional CSEPs, and a dozen members of the EKA effector family.
Differential regulation of these particular CSEP and EKA encoding genes at 48 HAI and after may
be important in the transition from survival to reproduction.

Throughout the developmental cycle Bh timed expression of metabolic genes is
important for both survival and successful infection of barley. Key enzymes in fatty acid, nucleic
acid, and amin@cid biosynthesis along with nitrogen assimilation and one carbon metabolism
are potentially controlled through PARA&Ilidated milRNAs. Control of metabolism through
MiRNA expression has been shown extensively in plants and animals. Silencing gesgaxpre

posttranscriptionally through sRNAs may allow for rapid regulatory changes that immediately



47

reduce protein biosynthesis levels, as opposed to transcriptional gene silencing. One important
example for metabolic control is glutamate synthase whicnksy enzyme in nitrogen
assimilation. Glutamate synthase is especially importaBighas many of the other enzymes
in nitrogen assimilation are have been lost over evolutionary {8 anwet al., 2010) The
glutamate synthase enzyme was recently shown to be importaktagnaportheoryzae(M.
oryza€ pathogenesis of ric€Zhouet al., 2017) In theM. oryzaeglutamatesynthase
knockouts, both appressorial penetration as well as hyphal spread was significantly reduced. In
our study we identified seven separate PAREdated milRNAs that cleave glutamate synthase
transcripts. The nitrogen status Bfjhcan vary greatlydepending on its infection status of
barley. These milIRNAs may allBghto control the flow of nitrogen depending on its
availability.

The translational regulation category represents a fascinating mix of translation
initiation factors and ribosomadrotein components. It appears thBghis directly controlling
the post transcriptional activity of genes that encode vital components to ribosome structure
and activity. PAR#alidated milRNA targets include seven members of the ribosomal protein
family. Ribosomal biosynthesis is a highly regulated process, and missing components of the
pathway will stop ribosome productiofhafontaine, 2015) Under nitrogeHdimiting conditions
it may be necessary f@ghto block new ribosome production in the conidiaspore while
haustorial feeding sites are established. The control of new ribosome production along with
limiting nitrogen assimilation machinery may allow for survival of conidiospores during early
development when they rely on existing organelles and energy stores, similaeds seplants.

One of the miIRNA encoding hairpins identified in this study is biologically significant for
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three reasons. First, the hairpBgh Cluster_643 encodes seven milRNA candidates that are
predicted to target eight differenBghgenes for clavage, including three effector proteins.
SecondBgh Cluster_643 is encoded in an antiparallel orientation to one of its encoded milRNA
predicted targetsAVR1olike gene BGHDH14_bgh067R7We have identified 20 additional

EKA family members that aheghly similar to thdBGHDH14 bgh0673jene that also encode
hairpins highly similar t8gh Cluster_643. We propose a functional mechanism for these

Bgh Cluster_643 hairpifiorming homologs similar to natsiRNAs in plants. Plant natsiRNAs
function as indpendent units of transcription that can both directly regulate the antiparailel
transcripts, as well as othéranstranscript targetArielet al, 2015) Although we were only

able to identify 20 examplesaitching the EKA family, we believe that other similar examples

will be found, especially in TrElated gene families. And third, the 20 genomic positions have
significantly higher sSRNA mapping density than other predicted genic positions in the genome.
We found that the 20 hairpin positions have an averagd 2.7 read/Kb density, compared

with the average genic positions of 15.6 read/Kb. This suggests that these positions are highly

regulated by sRNAs.

Conclusions

Understanding regulation of gene exgssion can be especially challenging in obligate
biotrophic fungal species, as most cannot be cultured, and therefore examined with traditional
genetics techniques (gene knock outs/downs and overexpression). We sought to understand
the post transcriptioal regulation oBghgenes by carrying out lllumina small Rk%uencing

on a panel of barley lines infected wiBghover a 48 hour time course. We identifié92
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PAREvalidated milRNAs that target 18phtranscripts through transcript cleavage. We
propose thatBghis controlling post transcriptional gene expression of effector, metabolic, and
translationrelated genes through hairpiancoded milRNAs that are similar in structure to

plant and animal prmiRNAs. Our data suggests that several membettseoEKA effector

family are regulated in a post transcriptional fashion through natsiRké&$airpins encoded
antiparallel to EKA family members. Increasing our knowledge oftosicriptional gene
expression regulation iBghopens up a deeper undaending of developmentalyimed gene

and protein expression patterns, and therefore gives us insightBgtgpathogenicity.

References

Addo-Quaye, C., Eshoo, T.W., Bartel, D.P. and Axtell, 2Q08) Endogenous siRNA and miRNgets
identified by sequencing of tharabidopsigiegradome Curr Bigl18, 758762.

Addo-Quaye, C., Miller, W. and Axtell, M.(009) CleavelLand: a pipeline for using degradome data to
find cleaved small RNA targeBioinformatics25, 130131.

Aguilar,D®. @3 t SRSNASY I / @ |(305) IdeftifichtiBrl of efglit &ffdioacandigaieS y =
genes involved in early aggressiveness of the barley powdery mildew furigns Pathology
65, 953958.

Ahmed, A.A., Pedersen, C., Schtllarsen, T., Kwatdal, M., Jorgensen, H.J. and Thordahristensen,
H.(2015) The barley powdery mildew candidate secreted effector protein CSEP0105 inhibits the
chaperone activity of a small heat shock protéttant Physigll68, 321-333.

Amselem, J., Vigouroux, M., Obdeensli, S., Brown, J.K., Bindschedler, L.V., Skamnioti, P., Wicker, T.,
Spanu, P.D., Quesneville, H. and Sacristarf2@15) Evolution of the EKA family of powdery
mildew avirulenceeffector genes from the ORF 1 of a LINE retrotranspd3bC Genomic46,

917.

Andrews, S(2010) FastQC: A quality control tool for high throughput sequence data, pp.
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Ariel, F., RomeraBarrios,N., Jegu, T., Benhamed, M. and Crespi,(RB015) Battles and hijacks:
noncoding transcription in plant3rends Plant SQ0, 362371.

g


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

50

Asman, A.K., Fogelqvist, J., Vetukuri, R.R. and Dixeliu0d6)Phytophthora infestanérgonaute 1
binds microRNAral small RNAs from effector genes and transposable elemidets.Phytal
211, 9931007.

Axtell, M.J.(2013) ShortStack: comprehensive annotation and quantification of small RNA B&res.
19, 740751.

Baggs, E., Dagdas, G. and Krasileva, (2047) NLRidersity, helpers and integrated domains: making
sense of the NLR identit€urr Opin Plant Bid38, 5967.

Bolger, A.M., Lohse, M. and Usadel,([B014) Trimmomatic: a flexible trimmer for lllumina sequence
data. Bioinformatics30, 21142120.

Bourras, S Praz, C.R., Spanu, P.D. and Kelle(2818) Cereal powdery mildew effectors: a complex
toolbox for an obligate pathogei@urr Opin Microbioh6, 26-33.

Caldo, R.A., Nettleton, D., Peng, J. and Wise, RB06) Stagepecific suppression of basal date
discriminates barley plants containing fasid delayeeacting Mla powdery mildew resistance
alleles.Molecular PlaniMicrobe Interactionsl9, 939947.

Caldo, R.A., Nettleton, D. and Wise, R(P004) Interactiordependent gene expression in Mépedfied
response to barley powdery mildewlant Cell16, 25142528.

Chang, S.S., Zhang, Z. and Li(2912) RNA interference pathways in fungi: mechanisms and functions.
Annu Rev Microbipb6, 305323.

Chen, R., Jiang, N., Jiang, Q., Sun, X., Wanghang, H. and Hu, 22014) Exploring microRNike
small RNAs in the filamentous fundassarium oxysporunPLoS Oné, e104956.

Chen, Y., Gao, Q., Huang, M., Liu, Y., Liu, Z., Liu, X. and [2818) Characterization of RNA silencing
components in theglant pathogenic funguBusarium graminearunsci Repb, 12500.

Chien, P.S., Chiang, C.B., Wang, Z. and Chio{201¥) MicroRNAnediated signaling and regulation
of nutrient transport and utilizationCurr Opin Plant Bid®9, 73-79.

Dong, S., Raffde, S. and Kamoun, £015) The twespeed genomes of filamentous pathogens: waltz
with plants.Curr Opin Genet Dg®5, 57-65.

Dormann, P., Kim, H., Ott, T., Schulzefert, P., Trujillo, M., Wewer, V. and Huckelhoven,(R014)
Celtautonomous defensegrorganization and trafficking of membranes in planicrobe
interactions.New Phytal204, 815822.

Fang, X. and Qi, ¥2016) RNAI in Plants: An Argonat@entered ViewPlant Ce|l28, 272285.
Feys, B.J., Benedetti, C.E., Penfold, C.N. and Turner(12g4) Arabidopsis mutants selected for

resistance to the phytotoxin coronatine are male sterile, insensitive to methyl jasmonate, and
resistant to a bacterial pathogefihe Plant Cell Onlin&, 751-759.



51

Frantzeskakis, L., Kracher, B., Kusch, S., Yostifdaekawa, M., Bauer, S., Pedersen, C., Spanu, P.D.,
Maekawa, T., Schulzeefert, P. and Panstruga, R2018) Signatures of host specialization and a
recent transposable element burst in the dynamic epeed genome of the fungal barley
powdery mildew patogen.BMC Genomic¢49, 381.

Giraldo, M.C. and Valent, B2013) Filamentous plant pathogen effectors in actidat Rev Microbiol
11, 800814.

Hartig, S.M., Hamilton, M.P., Bader, D.A. and McGuire, &L5) The miRNA Interactome in
Metabolic Homeostsis.Trends Endocrinol MetaB6, 733745.

Jiang, N., Yang, Y., Janbon, G., Pan, J. and Z@QX2) Identification and functional demonstration of
mMiRNAs in the funguSryptococcus neoformarBLoS Oné, e52734.

Jorgensen, J.H. and Moseman(1P72)Recombination at the M locus in barley conditioning
resistance tcerysiphe graminis sp.hordei Canadian Journal of Genetics and Cytolagy43
48.

Kakrana, A., Hammond, R., Patel, P., Nakano, M. and Meyers(B0C4) sPARTA: a parallelized
pipeline for integrated analysis of plant miRNA and cleaved mRNA data sets, including new
miRNA targeidentification softwareNucleic Acids Rg4$2, e139.

Khorkova, O., Myers, A.J., Hsiao, J. and Wahlested2@14) Natural antisense transcriptéum Mol
Gaet, 23, R5463.

Kim, E.D. and Sung, @012) Long noncoding RNA: unveiling hidden layer of gene regulatory networks.
Trends Plant Sd7, 1621.

Kusch, S., Ahmadinejad, N., Panstruga, R. and Kuh(2@14) In silico analysis of the core signaling
proteome from the barley powdery mildew pathogeBlgmeria gramini$. sp.horde)). BMC
genomics15, 843.

Lafontaine, D.L(2015) Noncoding RNAs in eukaryotic ribosome biogenesis and furigaostruct Mol
Biol 22, 11-19.

Lau, S.K., Chow, W.N., Wong, ANfeung, J.M., Bao, J., Zhang, N., Lok, S., Woo, P.C. and Yuen, K.Y.
(2013) Identification of microRNWke RNAs in mycelial and yeast phases of the thermal
dimorphic fungugenicillium marneffePLoS Negl Trop D e2398.

Lee, H.C,, Li, L., Gu, W., Xde,Crosthwaite, S.K., Pertsemlidis, A., Lewis, Z.A., Freitag, M., Selker, E.U.,
Mello, C.C. and Liu, ¥2010) Diverse pathways generate microRM&A& RNAs and Dicer
independent small interfering RNAs in furigol Cel] 38, 803814.

Lin, Y.L., Ma, L. TLee, Y.R,, Lin, S.S., Wang, S.Y., Chang, T.T., Shaw, J.F., Li, W.H. and @805} .H.
MicroRNAlike small RNAs prediction in the developmenfotrodia cinnamomeaLoS One
10, e0123245.



52

Liu, T., Hu, J., Zuo, Y., Jin, Y. and Ho2016) Identificion of microRNAike RNAs fronCurvularia
lunataassociated with maize leaf spot by bioinformation analysis and deep sequelahg.
Genet Genomi¢c291, 587596.

Love, M.1., Huber, W. and Anders, (2014) Moderated estimation of fold change and dispmrdor
RNAseq data with DESeg@enome Bioll5, 550.

Lu, X., Kracher, B., Saur, |I.M., Bauer, S., Ellwood, S.R., Wise, R., Yaeno, T., Maekawa, T. and Schulze
Lefert, P.(2016) Allelic barley MLA immune receptors recognize sequenaated avirulence
effectors of the powdery mildew pathogeRroceedings of the National Academy of Scighces
201612947.

Mascher, M., Gundlach, H., Himmelbach, A., Beier, S., Twardziok, S.O., Wicker, T., Radchuk, V.,
Dockter, C., Hedley, P.E., Russell, J., Bayer, M., Ramsayy,LH., Haberer, G., Zhang, X.Q.,
Zhang, Q., Barrero, R.A,, Li, L., Taudien, S., Groth, M., Felder, M., Hastie, A., Simkova, H.,
Stankova, H., Vrana, J., Chan, S., MuwAozatriain, M., Ounit, R., Wanamaker, S., Bolser, D.,
Colmsee, C., Schmutzer, T.iy8va-Schnorr, L., Grasso, S., Tanskanen, J., Chailyan, A.,
Sampath, D., Heavens, D., Clissold, L., Cao, S., Chapman, B., Dai, F., Han, Y., Li, H., Li, X,, Lin, C.,
McCooke, J.K., Tan, C., Wang, P., Wang, S., Yin, S., Zhou, G., Poland, J.A., Bellgard, M.I.
Borisjuk, L., Houben, A., Dolezel, J., Ayling, S., Lonardi, S., Kersey, P., Langridge, P.,
Muehlbauer, G.J., Clark, M.D., Caccamo, M., Schulman, A.H., Mayer, K.F.X., Platzer, M., Close,
T.J., Scholz, U., Hansson, M., Zhang, G., Braumann, |., Spannabi, ®l, Waugh, R. and Stein,

N. (2017) A chromosome conformation capture ordered sequence of the barley genome.
Nature 544, 427433.

Meng, H., Wang, Z., Wang, Y., Zhu, H. and Huan(@@®.7) Dicer and Argonaute Genes Involved in RNA
Interference in theEntomopathogenic Fungidetarhizium robertsiiAppl Environ Microbip83.

Meng, Y., Moscou, M.J. and Wise, R(2009a) Blufensinl negatively impacts basal defense in response
to barley powdery mildewPlant Physioll49, 271-285.

Meng, Y., Moscou, M.&nd Wise, R.R2009b)Blufensininegatively impacts basal defense in response
to barley powdery mildewRPlant Physioll49, 271-285.

Moscou, M.J., Lauter, N., Steffenson, B. and Wise, R®11) Quantitative and qualitative stem rust
resistance factorsiibarley are associated with transcriptional suppression of defense regulons.
PLoS Gengt, e1002208.

Nawrocki, E.P., Burge, S.W., Bateman, A., Daub, J., Eberhardt, R.Y., Eddy, S.R., Floden, E.W., Gardner,
P.P., Jones, T.A., Tate, J. and Finn, ROL4)Rfam 12.0: updates to the RNA families database.
Nucleic Acids Research

Nettleton, D., Hwang, J.T.G., Caldo, R.A. and Wise, (R0®6) Estimating the number of true null
hypotheses from a histogram of p valudsurnal of Agricultural, Biological, andvitonmental
Statistics11, 337-356.

Nguyen, Q.B., Kadotani, N., Kasahara, S., Tosa, Y., Mayama, S. and Nakayas$Rdd8HSystematic
functional analysis of calciusignalling proteins in the genome of the rbkast fungus,



53

Magnaporthe oryzagusinga highthroughput RNAsilencing systenmMol Microbiol 68, 1348
1365.

OliveiraGarcia, E. and Valent, B015) How eukaryotic filamentous pathogens evade plant
recognition.Curr Opin MicrobipPk6, 92101.

Olson, A(2016) RNAIi Function and Diversity im§i. InBiochemistry and Molecular Biolagpringer,
pp. 3%:45.

t I NIl y3dSs Cods hoSNKISyatarzr {oX . NBSys woz tfl a7 SN
Keller, B.(2011) A major invasion of transposable elements accounts for the large size of the
Blumeria graminis$. sp.tritici genome.Functional& integrative genomigsll, 67%677.

Pliego, C., Nowara, D., Bonciani, G., Gheorghe, D.M., Xu, R., Surana, P., Whigham, E., Nettleton, D.,
Bogdanove, A.J., Wise, R.P., Schweizer, P., Bindschedler, L.V. and Spari2QP3]PHost
induced gene silencing barley powdery mildew reveals a class of ribonucldédseeffectors.
Mol Plant Microbe InteracP6, 633642.

Qin, S., Jin, P., Zhou, X., Chen, L. and ME&.5) The Role of Transposable Elements in the Origin and
Evolution of MicroRNAs in HumaPLoSOne 10, e0131365.

Qutob, D., Chapman, B.P. and Gijzen,([®013) Transgenerational gene silencing causes gain of
virulence in a plant pathogetat Commun4, 1349.

Raffaele, S. and Kamoun, @012) Genome evolution in filamentous plant pathogens: wiygdi can
be better.Nat Rev Microbigll0, 417430.

Ranf, S(2017) Sensing of molecular patterns through cell surface immune rece@ionsOpin Plant
Biol 38, 6877.

Ridout, C.J., Skamnioti, P., Porritt, O., Sacristan, S., Jones, J.D. and Brow200&X Multiple
avirulence paralogues in cereal powdery mildew fungi may contribute to parasite fithess and
defeat of plant resistancd?lant Ce|l18, 24022414.

Roberts, J.T., Cardin, S.E. and Borchert, G2@14) Burgeoning evidence indicates that miRkAs
were initially formed from transposable element sequenddsb Genet Elementd, e29255.

Spanu, P.D., Abbott, J.C., Amselem, J., Burgis, T.A., Soanes, D.M., Stuber, K., Ver Loren van Themaat,
E., Brown, J.K., Butcher, S.A., Gurr, S.J., Lebrun, Ritliout, C.J., Schuldesfert, P., Talbot,
N.J., Ahmadinejad, N., Ametz, C., Barton, G.R., Benjdia, M., Bidzinski, P., Bindschedler, L.V.,
Both, M., Brewer, M.T., Cadi®avidson, L., CadiBavidson, M.M., Collemare, J., Cramer, R.,
Frenkel, O., Godfrey, DHarriman, J., Hoede, C., King, B.C., Klages, S., Kleemann, J., Knall, D.,
Koti, P.S., Kreplak, J., LopBaiz, F.J., Lu, X., Maekawa, T., Mahanil, S., Micali, C., Milgroom,
M.G., Montana, G., Noir, S., O'Connell, R.J., Oberhaensli, S., Parlange, Fséteder,
Quesneville, H., Reinhardt, R., Rott, M., Sacristan, S., Schmidt, S.M., Schon, M., Skamnioti, P.,
Sommer, H., Stephens, A., Takahara, H., Thoflatistensen, H., Vigouroux, M., Wessling, R.,
Wicker, T. and Panstruga, R2010) Genome expansion@gene loss in powdery mildew fungi
reveal tradeoffs in extreme parasitisf8cience330, 15431546.



54

Sun, J., Zhou, M., Mao, Z. and Li(Z012) Characterization and evolution of microRNA genes derived
from repetitive elements and duplication events impis.PLoS Oné&, e34092.

TorresMartinez, S. and Rui¥azquez, R.M(2017) The RNAI Universe in Fungi: A Varied Landscape of
Small RNAs and Biological Functigxisnu Rev Microbip¥1, 371391.

Vetukuri, R.R., Asman, A K., TellgrRoth, C., Jahan, S.NReimegard, J., Fogelgvist, J., Savenkov, E.,
Soderbom, F., Avrova, A.O., Whisson, S.C. and Dixeli20C2) Evidence for small RNAs
homologous to effectoencoding genes and transposable elements in the oomycete
Phytophthora infestan®?LoS Oné&, e51399.

VillalobosEscobedo, J.M., Carrerdéllasenor, N. and Herrer&strella, A(2016) The interaction of
fungi with the environment orchestrated by RNKiycologia

Weiberg, A., Wang, M., Lin,#&l., Zhao, H., Zhang, Z., Kaloshian, I., Huang)HandJin, H.(2013)
Fungal small RNAs suppress plant immunity by hijacking host RNA interference pathways.
Science342 118123.

Xu, W., Meng, Y., Surana, P., Fuerst, G., Nettleton, D. and Wise(RE5) The knottidike Blufensin
family regulates genes inlved in nuclear import and the secretory pathway in baspeyvdery
mildew interactionsFrontiers in Plant Sciendg 409.

Yang, F(2015) Genomavide analysis of small RNAs in the wheat pathogenic fuAgo®septoria
tritici. Fungal Biql119, 631640.

Yang, X. and Li, (2011) miRDeef: a computational tool for analyzing the microRNA transcriptome in
plants.Bioinformatics27, 26142615.

Zhai, J., Arikit, S., Simon, S.A., Kingham, B.F. and Meyerg2812l) Rapid construction of parallel
analysis bBRNA end (PARE) libraries for lllumina sequentiethods 67, 84-90.

Zhang, W.J., Pedersen, C., Kwaaitaal, M., Gregersen, P.L., Morch, S.M., Hanisch, S., Kristensen, A.,
Fuglsang, A.T., Collinge, D.B. and Thoi@hlistensen, H(2012) Interaction of bdey powdery
mildew effector candidate CSEP0055 with the defence protein PRibI®lant Pathql13,
111011109.

Zhou, F., Kurth, J., Wei, F., Elliott, C., Vale, G., Yahiaoui, N., Keller, B., Somerville, S., Wise, R. and
Schulzelefert, P(2001) Celhutonomous expression of barley Mlal confers rapecific
resistance to the powdery mildew fungus via a Radependent signaling pathwayhe Plant
Cell 13, 337%350.

Zhou, J., Fu, Y., Xie, J., Li, B, Jiang, D., Li, G. and CH2Aad2) Identification bmicroRNAike RNAs in
a plant pathogenic funguSclerotinia sclerotiorury highthroughput sequencingviolecular
genetics and genomic®87, 275282.

Zhou, W., Shi, W., Xu, X.W., Li, Z.G., Yin, C.F., Peng, J.B., Pan, S., Chen, X.L., Zhao, W.S.YZhgng, Y
J. and Peng, Y.[2017) Glutamate synthase MoGitediated glutamate homeostasis is
important for autophagy, virulence and conidiation in the rice blast funigias.Plant Pathal



55

CHAPTER 3.EXPRESSION OF BARLEY MIRNA AND PHASIRNA IN RESPONSE TOYNFECTION B
THE POWDERY MILDEW PATHOGEN

Modified from a manuscript to be submitted to Plant Physiology

Short Title

Bghinduced barley phasiRNA and miRNA expression

Correspondence

Roger Wise: +5152949756; Corn Insects and Crop Genetics Research;Aiiodtual
Research Service, 4201 Advanced Teaching and Research Building, lowa State UAivessity,

IA 50011 USA

Authors andAffiliations

Matt Hunt?, Sagnik Banerj@éPriyanka Surartg Meiling LiG% Greg Fuerst Sandra
Mathioni*9, Blake Meyerd, Daniel NettletoA®d and Roger Wigé-c.¢"

3nterdepartmental Genetics and Genomics, lowa State University, Ames, lowa, 50011, USA
bDepartment of Plant Pathology and Microbiology, lowa State University, Ames, lowa, 50011,
USA

‘Interdepartmental Bioiformatics and Computational Biology Program, lowa State University,
Ames, lowa, 50011, USA

dDepartment of Statistics, lowa State University, Ames, lowa, USA

€Corn Insects and Crop Genetics Research, WgDéultural Research Service, lowa State
Universiy, Ames, lowa, 50011, USA

fUniversity of Missourd Columbia, Division of Plant Sciences, 52 Agriculture Lab, Columbia, MO
65211, USA

9Danforth Center St. Louis, MO 63132



56

One-S*ntenceummary

Expression of barley leaf phasiRNA and miRNA induced by infedttoBlumeria graminis. sp.

hordei.

Author Gontributions

MH contributed to project development, data analysis and interpretation, and wrote the
manuscript with input from RW; SB contributed to data analysis; PS contributed to data
analysis; ML conibuted to statistical analyses; GF performed small RNA sequencing
experiments; SM performed PARE sequencing experiments; BM contributed to PARE
sequencing experiments ; DN contributed to statistical analyses; RW contributed to project

conception, developrant, data interpretation, and preparation of the manuscript.

Fundinginformation

Research supported in part by the National Science FoundaBtant Genome Research
Program grants 139348 to RPW and DNI3-39229 to BCMand USDAgricultural Research
Service project 36221000060-00D to RPW. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuskftesttion of trade
names or commercial products in this publication is solely for the@se of providing specific
information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture or the National Science Foundation. USDA is an equal opportunity provider and

employer.



57

Footnotes

*Corresponding author-enail roger.wise@ars.usda.gov
The authors responsible for distribution of materials integral to the findings presented in this
article in accordance with the Journal policy described in the Instructions for Authors

(http://www.plantphysiol.org) are: Roger Wisefer.wise@ars.usda.gpv

Abstract

Small RNAs (sRNAS) in plants play key roles in regulating defense responses during pathogen
infection. Both micro RNAs (miRNAs) and phasing small interfering RNAs (phadifeisi\s)
regulate plant defense responses through ptrsinscriptional gene silencing. The timing and
intensity of pathogen defense responses are carefully controlled as they divert resources from
growth and development. We sought to understand how batkaves respond to infection by

the biotrophic pathogemlumeriagraminisf. sp.hordei(Bgh through miRNA and phasiRNA
expression. We identified 21, 22, and 24 nucleotide (nt) phasiRNA loci with significant overlap
with protein encoding genes, in coast to previous studies in grasses, that showed overlap
mainly with long norcoding RNAs (IncRNASs). Receptor kinase genes are significantly over
represented as targets of phasiRNAs, which may indicate a novel defense control mechanism in
barley. From sRN#equencing data we also identified 2423 differentially expressed (DE) barley
genome mappingRNAslong with 9 DE predicted miRNAs. Small RNAs with homology to
several conserved miRNAs were overexpressed in thedaipromisedmla6 mutant, which

has redeed defense responses Bghinfection. PARE validation of barley sSRNA transcript


mailto:roger.wise@ars.usda.gov

58

targets identified transcripts predominantly involved in transcriptional regulation and signaling.
These results indicate both phasiRNA and miRNAs are involved in tespeynse taBgh

infection.

Introduction

Small RNAs (sRNAs) in plants play key roles in regulating development, metabolism, and
response to both abiotic and biotic stre@dartinez de Albat al,, 2013) The expression of
pathogen response proteins is carefully contrditarough sRNAs and other mechanisms to
allow full growth potential during noimfection conditions and with a switch to defense during
pathogen challengéPark and Shin, 2015Plants have an evolved an innate immune system
that allows them to prevent infection from many potential pathogens. The plant immune
system is triggered by pathogen associated molecular patterns (PAMPS) such as chitin from
fung or flagellin from bacteria. These PAMP molecules are recognized by retikptkinases

that trigger a signaling cascade initiating PAMP triggered immunity (&pigl, 2014) The PTI
response can include an increase in reactive oxygen species, a buildup of wall materials near
the site of infection, and production of anaticrobial compounds such as proteagisianet

al., 2016) Pathogens in turn, have evolved effector molecules that mitigate the PTI response
through multiple mechanisms. Effectors reduce the strength of PTI allowing pathogens to
successfully infect the plant, thereby creating effector triggered susceptibility (ETS). As a
response to ETS, plants have evolved nucleotide binding leticineepeat(NLR) proteins that
either recognize effectors directly or indirectly that trigger the strong defense response effector

triggered immunity (ET(Vleeshowers and Oliver, 2014)The NLR proteins, encoded Ry
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geneseither directly bind effector molecules, or perceive effector action against guard proteins
(Cuiet al,, 2015) This binding triggers a strong immune response, commonly associated with
hypersensitive response and localized cell death.

Expression of defenselated genes is tightly controlled by sRNAs including miRNAs and
siRNAgFeiet al,, 2016b) Careful control of defenselated gene expression is important for
overall plant health, as studies overexpresditagenes show plants with reduced growth rates
(Chenget al, 2011) Micro RNAs are necodinghairpin forming RNA elements located in the
genome that are transcribed by RNA polymerase Il. These miRNAs guide sespexitie
transcript cleavage or translational inhibition of target transcripts as part of the RISC complex
(lwakawa and Tomari, 2015pmall interfering RNAs on the other hand are generally produced
through the action of RNAependent RNA polymerase (RDRP) that produces double stranded
RNA from single stranded templates. These double straiRi@ls are processed by Dilige
(DCL) to produce 285 nucleotide siRNAs including heterochromatic SiRNAs (hetsiRNAS),
natural antisense RNAs (natsiRNAs), and phased siRNAs (phagBixges and Martienssen,
2015) These siRNA types are involved in gene silencing at the transcrip({luetasiRNAS) and
posttranscriptional levels (natsiRNAs and phasiRNAS), respediadyet al,, 2015, Holoch
and Moazed, 2015)

Several miRNA families are involved in regulating plant responses to pathogen infection
(Baldrich and San Segundo, 2Q18he targets of these miRNAs are involved in both PTI and ETI
responses. The Riidlated pathways regulated through miRNAs include hormone signalin
reactive oxygen species evolution, callose deposition, and o(keranet al, 2016) Auxin

signaling is carefully controlled during plant development and can be down regulated during
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pathogen infection such as with miR393 that downregulates aukioxAeceptors during a PTI
response ¢ infection(Navarroet al., 2006) Callose deposition related to PTI response has
both positive regulators such as miR160 and negative regulators such as miR398 and miR773
(Baldrich and San Segundo, 201&he ETI pathway is regulated through miRNA contri®l of
gene expression. Micro RNAserfr several species includiMgedicago truncatulasoybean,
tomato, potato, and tobacco have been shown to regulgigene expressiofFeiet al., 2016b)
The regulation of thesB-geneencoded transcriptargets through miRNAs does not however,
lead to simple transcript cleavage in many cases. Rather the cleaved transcripts are targets for
production of phased small interfering RNAs (phasiRNAS). These phasiRNAs can lead to
silencing of hundreds d®gere transcriptyFeiet al,, 2015)

The occurrence of phasiRNAs was first observédabidopsiith a type of phasiRNA
called transacting smalinterfering RNAs (tasiRNA¥)oshikawa, 2013)Unlike most
phasiRNAs, tasiRNAs are usually encoded on longoding RNA templates. The miRNA
cleaved templates are reverse transcribed into double stranded BNRNA dependent RNA
polymerase and cleaved into 21 nt phased small RNAs. Four familiBADIS ACTING siRNA
(TAS genes have been identified ArabidopsisncludingTAS1, TAS2, TAGBd TAS4Feiet al,,
2013). These phasiRNA then acttransagainst targets including transcripts encoding auxin
response factors, pentatricopeptide repeat proteins, and MYB transcription fa@denet al,,
2005, Axtelket al., 2006, Rajagopalart al,, 2006) TAS3s the most highly conserved member
of the TASamily and is found in plant species ranging from mosses, gymnosperms, to grasses
(Borges and Martienssen, 2015prasses have a much larger set of tasiRNAs then found in

dicots(Arikitet al., 2013). These tasiRNAs are largely encoded on longcoding transcripts
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expressed in reproductive tissues, and are 24 bases in length as opposed to almost all dicot
phasiRNAs, which are 21 bases in length. Very few phasing loci have been reported in non
reproductive tissues in monocots with few exceptighaiet al., 2014)

We sought to identify barley SRNAs expressed during barley powdery mildew infection,
their transcript targets, and phasing loci in leaftiss Small RNA populations were isolated and
sequenced from barley leaves infected wgghduring a time course infection from 0O to 48
hours after inoculation (HAI) in five barley genotypes represented by the CI 16151 progenitor
(harboring theMla6 powdery mildewR-gene) and four fasheutron derived immune signaling
mutants(Menget al,, 2009b, Xet al., 2009) Barley miRNA candidates were validated with
parallel analysis of RNA ends (PARE) analysis resulid@niiication of conserved PTélated
mMiRNA families as well as novel miRNA candidates predicted to target transcripts involved in
transcriptional regulation and signaling. PhasiRNA loci were identifieghiimfected barley
leaves that overlap withnotein-encoding transcripts encoding a mix of functional categories

including signaling, metabolism, transcriptional regulation, and defense.

Results
Identification of Conserved and Novel Barley miRNAs

To identify SRNAs expressed durBghinfection ofbarley leaves, seedlings from the lines ClI
16151 Mla6) [WT], m18982rtila6), m11526 rar3), m19089 §in1), and m19028rala6 + bin1)

were infected withBghisolate 5874 over a time course from 0 to 48 hours after inoculation in
three separate replicates fa total of 90 samples. lllumina small RNA libraries produced from

these samples resulted in ~2.8 billion reads of total sequencing data. The full analysis pipeline
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for the sRNA data is shownkiigure 3.1 Briefly the reads were filtered for both quigliand to
remove known RNA motifs including tRNAs, rRNAs, snoRNAs snRNAs and known barley repeats.
The filtered reads were taken through two independent methods to identify miRNAs candidates
and barley genome mapped sRNAs. To carry this out the-plspecific miRNA prediction
programs miRDeep and ShortStack were used to predicted miRNA candidates. Independently
the filtered reads werdiltered for exact barley genome mapping and a minimum count of ten
total counts across the 90 sRMAq libraries The miRDeef® and ShortStack programs
identified 1216 and 209 predicted miRNAs, respectively, for a total of 1425. The separate count
filter pathway identified 1,980,623 reads that mapped exactly to the barley genome and had a
minimum count threshold tadentify reads with above background expression levels.
Analysis of the size distributions of both the barley genome mapped sRNAs and the
predicted miRNAs revealed size distributions that were incongruous with expected peaks of 21
and 24 bases as seendther grassegNobutaet al., 2008) The unadjusted size distributions
had peaks of 22 and 25 base pakgy(ire 3.2A, which may be explained by either a library
preparation effect or partially degraded samgi€eet al., 2015)
¢KS 0oQ Y2al o0FasS 2F GKS LINBRAOUGUSR o0l NI Se Y
opposed to miRBase barley miRNAs with ~20% Ur&aysré 3.2B. Therefore we removed
GKFG 0o0Q Y2ald o6FasS FTNRY 2dzNJ NBI Ra compoBtioids S O2 NN.

seen inFigure 3.3 The adjusted size distributions of both the barley genome mapped sRNAs,
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opposed to miRBase listed barley miRNAs (Fibufe3.3BandC). In our pool of predicted

barley miRNAs, 88 are homologous to 27 conserved plant AsSRN seen iflable3.1. The

pool of miRBase (version 22) recognized barley miRNAs is small (72) compar®dyadth
sativa(757), however there are many more conserved barley miRNAs published in the current
literature (citations inTable3.1). From theconserved miRNAs identified Trable3.1, 17 have

been identified as pathogeresponsive miRNA&uanet al., 2016)

Differential Regulation of Reactive Oxygen Speeigslated Barley miRNAs

Differential expression (DE) of predicted miRNAs or barley genome maRi¢Asit
each time point were identified by comparing WT to the four mutant lines using the DESeq?2
program(Low et al, 2014) Out of 1425 predicted barley miRNAs, there are 730 unique
sequences. Of these sequences, 9 (1.2%) are DE during at least one tim&agae®.2). Out
of the 9 unigue sequences, 4 have homology to miRNA families including miR2R398mand
miR528. Both miR398 and miR528 have been linked to control of the reactive oxygen species
(ROS) related geneswloroplast copper/zinc superoxide dismutaqeltSOD)Lin barley and-
ascorbate oxidas€AO) in rice(Xuet al,, 2014, Wwet al,, 2017) The miRNA target site of rice
AOO - aPYnmMpTyTTppPmM0O FNRY 2dz S Ifd o6HAMTO A&
any barleyAQ so it is unclear if barley miR528 overexpression imthab mutant is elated to

ROS regulation. However, several other studies have indicated that miR528 is involved in

f
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Table3.1 Conserved predicted barley miRNAs

Predicted barley
miRNA

Predicted
mIiRNA
copies

alignment

miRBase (v22)
support?

Barley literature support

mMiR156#

6

Predicted barley miR156 1 UGACAGAAGAGAGUGAGCAC 20

osa- miR156 1 UGACAGAAGAGAGUGAGCAC 2

yes

Bai et al. 2017, Colaiacovo et al. 2010, Cura|
et al. 2012, Fard et al. 2017, Hackenberg et
2012, Hackenberg et al. 2013, Hackenberg
al. 2014, Kantar et al. 2010, Ozhuner et al.
2013, Pacak et al. 2017, Schreiber et al. 201
Wu et al. 2014

miR159#

Predicted barley miR159 1 UUUGGAUUGAAGGGAGCU 18

hvu - miR159b 1 UUUGGAUUGAAGGGAGCUCUG 21

yes

Bai et al. 2017, Colaiacovo et al. 2010, Cural
et al. 2012, Deng et al. 2015,Farcaé 2017,
Hackenberg et al. 2012, Hackenberg et al.
2013, Hackenberg et al. 2014, Kantar et al.
2010, Ozhuner et al. 2013, Pacak et al. 20|
Schreiber et al. 2011, Wu et al. 2014

miR160#

Predicted barley miR160 1 UGCCUGGCUCCCUGUAUGCCA 21

osa- miR160 1 UGCCUGGCUCCCUGUAUGCCA 21

no

Bai et al. 2017, Colaiacovo et al. 2010, Fard
al. 2017, Kantar et al. 2010, Kruszka et al.
2014, Ozhuner et al. 2013, Schreiber et al.
2011, Wu et h 2014

miR164+#

Predicted barley miR164 1 UGGAGAAGCAGGGCACGUGCA 21

osa- miR164 1 UGGAGAAGCAGGGCACGUGCA 21

no

Bai et al. 2017, Colaiacovo et al. 2010, Cural
et al. 2012, Deng et €015, Fard et al. 2017,
Hackenberg et al. 2012, Hackenberg et al.
2013, Ozhuner et al. 2013, Schreiber et al.
2011, Wu et al. 2014

miR165/miR166#

11

Predicted barley miR166 1 UCGGACCAGGCUUCAUUCCCC 21

hvu - miR166a 1 UCGGACCAGGCUUCAuUUCCCC 21

yes

Bai et al. 2017, Curaba et al. 2012, Fard et g
2017, Ferdous et al. 2017, Hackenberg et al
2012, Hackenberg et al. 2013, Hackenberg
al. 2014, Kantar et al. 2010, Kruszka et al.
2014, Ozhuneet al. 2013, Schreiber et al.
2011, Wu et al. 2014

miR167#

Predicted barley miR167 1 UGAAGCUGCCAGCAUGAUCUGA 22

ccl - miR167a 1 UGAAGCUGCCAGCAUGAUCUGA 22

no

Bai et al. 2017, Curale al. 2012, Deng et al.
2015, Fard et al. 2017, Hackenberg et al. 20
Hackenberg et al. 2013, Kruszka et al. 2014
Pacak et al. 2017, Schreiber et al. 2011, Wu
al. 2014,

miR169#

Predicted barley miR169 1 UAGCCAAGAAUGACUUGCCUA 21
(T

osa- miR169n 1 UAGCCAAGAAUGACUUGCCUA 21

yes

Colaiacovo et al. 2010, Curaba et al. 2012,
Deng et al. 2015, Ferdous et al. 2017,
Hackenberg et al. 2012, Hackenberg et al.
2013, Hackenberg et al. 2Q1@zhuner et al.
2013, Pacak et al. 2017, Wu et al. 2014,

.9



Table 3.1
(Continued)

Predicted barley Predicted alignment miRBase (v22)| Barley literature support
miRNA miRNA support?
copies
miR170/miR171# | 10 Predicted barley miR171 1 UGAUUGAGCCGCGCC AAUAUC 21 yes Bai et al. 2017, Colaiacovo et al. 2010, Curg
T et al. 2012, Deng et al. 2015, Fard et al. 201
osa- miR171 1 UGAUUGAGCCGCGCCAAUAUC 21 Hackenberg et al. 2012, Hackenberglbt
2013, Kantar et al. 2010, Ozhuner et al. 201
Pacak et al. 2017, Schreiber et al. 2011, Wu|
al. 2014,
miR172# 2 Predicted barley miR172 1 GCAGCACCACCAAGAUUCACA 21 no Bai et al. 2017, Colaiacovo et al. 2010, Cura|
(NI et al. 2012, Deng et al. 2015, Fard et al. 201
bdi - miR172a- 5p 1 GCAGCACCACCAAGAUUCACA 21 Hackenberg et al. 2012, Hackenberg et al.
2013, Hackenberg et al. 2014, Kantar et al.
2010, Nair et al. 2010, Ozhuner et al130
Schreiber et al. 2011, Wu et al. 2014,
miR319# 4 Predicted barley miR319 2 UUGGACUGAAGGGUGCUCCCU 22 no Bai et al. 2017, Deng et al. 2015, kiatberg
o (T etal. 2012, Ozhuner et al. 2013, Pacak et a
bdi - miR319b - 3p 1 UUGGACUGAAGGGUGCUCCCU 21 2017, Wu et al. 2014,
miR384/miR394 2 Predicted barley miR384 1 UUGGCAUUCUGUCCACCUCC 20 no Colaiacovo et al. 2010, Schreiber et al. 2011
T
stu - miR384- 5p 1 UUGGCAUUCUGUCCACCUCC 20
miR390# 2 Predicted barley miR390 1 AAGCUCAGGAGGGAUAGCGCC 21 no Bai et al. 2017, Colaiacovo ét 2010, Curaba
I etal. 2012, Fard etal. 2017, Pacak et al. 2(
osa - miR390 1 AAGCUCAGGAGGGAUAGCGCC 21 Schreiber et al. 2011,
miR393# 2 Predicted barley miR393 1 UCCAAAGGGAUCGCAUUGAUC 21 no Bai et al. 2017, Colaiacovo et al. 2010, Cural
_ T etal. 2012, Deng et al. 2015, Fard et al. 201
osa- miR393 1 UCCAAAGGGAUCGCAUUGA uc 21 Ferdous et al. 2017, Hackenberg et al. 2014
Kantar et al. 2010, Pacak et al. 2017,
Schreiber et al. 2011,
mMiR396# 3 Predicted barley miR396 1 GUUCAAUAAAGCUGUGGGAAA 21 no Bai et al. 2017, Colaiacovo et al. 2010, Deng
T al. 2015, Fard et al. 2017, Ferdous et al. 20
zma- miR396b - 3p 1 GUUCAAUAAAGCUGUGGGAAA 21 Hackenberg et al.®2, Hackenberg et al.
2013, Pacak et al. 2017, Schreiber et al. 20
Wu et al. 2014,
miR398# 1 Predicted barley miR398 1 UGUGUUCUCAGGUCACCCCUU 21 no Xu et al. 2014, Wu et al. 2014,
T
osa- miR398 1 UGUGUUCUCAGGUCACCCCuUU
miR399# 2 Predicted barley miR399 1 UGCCAAAGGAGAGUUGCCCUG 21 yes Colaiacovo et al. 2010, Hackenberg et al

ath - miR399b 1 UGCCAAAGGAGAGUUGCCCUG 21

2012, Hackenberg et al. 2013, Hackenberg
al. 2014, Kantar et al. 2010, Ozhuner et al.

2013, Schreiber et al. 2011, Wu et al. 2014,
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Table 3.1

(Continued)
Predicted barley Predicted alignment miRBase (v22) Barley literature support
miRNA miRNA support?
copies
miR1432% 3 Predicted barley miR1432 1 UCAGGAGAGAUGACACCGACA 21 no Ferdous et al. 2017, Kruszka et al. 2014,
I Pacak et al. 27, Schreiber et al. 2011,
bdi - miR1432 2 UCAGGAGAGAUGACACCGACA 22
miR1436 3 Predicted barley miR1436 1 CAUUAUGGGACGGAGGGAGU 20 yes
(I
osa- miR1436 2 CAUUAUGGGACGGAGGGAGU 21
miR5049 3 Predicted barley miR5049 1 AAUAUGGAU CGGAGGGAGUAC 21 yes Fard et al. 2017, Hackenberg et al. 2012,
I Hackenberg et al. 2013, Hackenberg et al.
tae - miR5049 - 3p 1 AAUAUGGAUCGGAGGGAGUAC 21 2014’ Ozhuner et al. 2013' Schreibeakt
2011, Wu et al. 2014,
miR5071 1 Predicted barley miR5071 1 UCAAGCAUCAUGUCAUGGACA 21 no Bai et al. 2017, Curaba et al. 2012, Deng et
(PRI 2015, Schreiber et al. 2011,
osa- miR5071 1 UCAAGCAUCAUAUCGUGGACA 21
miR5139 1 Predicted barley miR5139 1 AACCUCGCUCUGAUACCA 18 no Hackenberg et al. 2012, Hackenberg et al.
(T 2013, Hackenhrg et al. 2014,
rgl - miR5139 2 AACCUGGCUCUGAUACCA 19
miR5205 1 Predicted barley miR5205 1 CUUAUAUUUAGGAACGGAGGGAGU 24 no
(LI T
mtr - miR5205b 1 CUUAUAAUUAGGGACGGAGGGAGU 24
miR6201 1 Predicted barley miR6201 1 UGACCCUGA GGCACUCAUACCG 22 yes Pacak et al. 2017,
(I
hvu - miR6201 1 UGACCCUGAGGCACUCAUACCG 22
miR7731 1 Predicted barley miR7731 2 UUCCAAACUCCUGAGCAAAC 21 no
111 IR
bdi - miR7731- 5p 1 UUCCAAAUUCCUGAGCAAAC 20
miR8175 2 Predicted barley miR8175 1 UCCCCGGCAACGGCGCCA 18 no
I
ath - miR8175 3 UCCCCGGCAACGGCGCCA 20
miR96& 1 Predicted barley miR9662 1 UGAACAUCCCAGAGCCACCGG 21 no Deng et al. 2015,

tae - miR9662b - 3p 1 UGAACAUCCCAGAGCCACCGG 21

2#:identified as palhogenresponsive miRNAKuanet al., 2016)
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regulation of ROS through a copper super oxide dismutase gahethsr targetsLiu and
Zhang, 2012, Chawé#ernandezt al., 2015)

Out of 1,980,623 unique reads, 2423 are differentially expressed in at least one time
point (Supplemental Tabl&.1 [See appendix]). These inde 13 reads that have homology to
three conserved miRNA families including miR165/miR166, miR398, and miR&A83(2).
Members of the miR165/miR166 family regulate aEBIIl transcription factor important for
plant development, and have been showmbe positively regulated during pathogen infection
(Zhaoet al,, 2012) In barley, the Mla&protein regulates the expression ofiR898 which
controls ROS levels throughloroplast copper/zinc superoxide dismutageltSOD)Lgene
expressiorn(Xuet al,, 2014) Downregulation of ROS responses controlled by miR398 and
miR528 in the susceptdmlaé mutant would allow for more favorable infection conditions for

Bgh

PAREValidated sRNA Regulation of Transcription Factors and Signaling Proteins

Predicting sRNA transcript cleavage sites based solely on small RNA sequencing data can
be challengig. Severah silicoprediction programs have been developed for this purpose, but
are known to have high false positive prediction ratgbaiet al., 2014) To compensate for the
high false positive predictiorate we constructed parallel analysis of RNA ends (PARE) libraries

using RNA from ouBghinfected barley panel. The PARE technique allows for identification of



Table3.2 Differentially expressed predictadiRNAs and barley mapped reads with homology to miRBase miRNAs

Predicted Number of
miRNA or miRBase | predicted DE time points (and
read Sequence match barley copie$ | log:fold changes)* miRBase blastn overlap Mismatches
UserSeq 1 acacaaaccgggacuaaag 19
DE predicted TNIINII
miRNA ACACAAACCGGGAGAB miR2120 | 9 mla620 HAI (1.59) osa- miR2120b - 5p 1 acaccaaccgcgacuaaag 19 2
DE predicted
miRNA ATTTTGCTTCGTATGTAGACT | none 17 mla60 HAI (1.97) none NA
mla648 HAI{L.77),
mla6-bin148 HAI {
DE predicted 2.44),bin148 HAI {
miRNA TATTAGTTGACAGAGGGAGTA none 5 2.40) none NA
DE predicted
miRNA AACTAGTACTACTCTAATGTG( none 3 mla60 HAI {1.07) none NA
DE predicted | GCTTTCATAGCTCAGTTGGTT.
miRNA CACCCG none 1 bin132HAI (1.64) none NA
UserSeq 1 guguucucaggucgcccceg 20
DE predicted (T
miRNA GTGTTCTCAGGTCGCCCCCG( miR398 2 mla632 HAI (2.03) zma- miR398a - 3p 2 guguucucaggucgcccccg 21 1
mla620 HAI (1.97), UserSeq 2 ccugugccugecucuuccau 21
DE predicted mla624 HAI (2.27), I
miRNA TCCTGTGCCTGOUBTAT miR528 1 mla632 HAI (2.18) zma- miR528a- 3p 1 ccugugccugccucuuccau 20 1
mla6 0 HAI (1.63),
mla620 HAI (1.72), UserSeq 1 agaacagagaauggcgauag 20
DE predicted mla624 HAI (1.66), N nine
miRNA AGAACAGAGAATGGCGATAGA miR38 1 mla648 HAI (1.93) csi - miR398a - 5p 1 agaacagaggguggcguugg 20 4
mla60 HAI (1.46),
DE predicted mla620 HAI (1.76),
miRNA AATTTGAACTGTGAAACT none 1 mla624 HAI (1.56) none NA
UserSeq 2 ucggaccaggcuuccuuccc 21
DE barley (TR T
mappedsRNA | TTCGGACCAGGCTTCCTTCCJ miR166 NA mla648 HAI (1.92) gma miR166i - 3p 1 ucggacca ggcuucauuccc 20 2

3 NA: Barley genome mapped sRNAs are amudtpping

4*. DE barley line, timepoint(s), and lofgpld expression change compared with WT

T.



Table 3.2

(Continued)
Predicted Number of
miRNA or miRBase | predicted DE time points (and
read Sequence match barley copie$ | log: fold changes)® miRBase blastn overlap Mismatches
UserSeq 1 ugggaccaggcuucauucccc 21
DE barley bin120 HAI {2.24), (AT
mappedsRNA | TGGGACCAGGCTTCATTCCC(J miR1& NA rar320 HAI {1.71) tcc - miR166a 1 ucggaccaggcuucauucccc 21 1
UserSeq 1 ucggaccaggguucauucccc 21
DE barley bin148 HAI{2.31), (T
mappedsRNA | TCGGACCAGGGTTCATTCCC( miR166 NA mla648 HAI {1.80) hvu - miR166b 1 ucggaccaggcuucauucccc 21 1
bin116 HAI{2.55) ,
bin120 HAI{2.39),
mla620 HAI{1.77),
rar320 HAI 2.14),
bin124 HAI{2.47),
mla624 HAI{2.02), UserSeq 1 ucggaccaggcuucaugeeee 21
DE barley bin148 HAI{2.41), AT
mappedsRNA | TCGGACCAGGCTTCATGCCC( miR165 NA mla648 HAI{1.78) bdi - miR166d - 3p 1 ucggaccaggcuucauucccc 21 1
UserSeq 1 uguguucucaggucgccccecg 21
DE barley mla624 HAI (1.71), I
mapped SRNA | TGTGTTCTCAGGTCGCCCCC({ miR398 NA mla632 HAI (2.57) zma- miR398a - 3p 1 uguguucucaggucgccceccg 21 0
UserSeq 1 uggaaggggcaugcagagga 20
DE barley M
mappedsRNA | TGGAAGGGGCATGCAGAGGA| miR528 NA mla6 32 HAI (1.86) osa- miR528-5p 1 uggaaggggcaugcagagga 20 0
UserSeq 2 ucggacc aggcuucaguccc 21
DE barley R
mappedsRNA | TTCGGACCAGGCTTCAGTCC({ miR166 NA rar348 HAI {2.10) gma miR166j - 3p 1 ucggaccaggcuucauuccc 20 2
mla6 16 HAI (2.20),
mla620 HAI (2.40), UserSeq 1 uggaaggggcaugcagaggag 21
DE barley mla624 HAI (2.21), I
mappedsRNA | TGGAAGGGGCATGCAGAGGA| miR528 NA mla632 HAI (2.09) osa- miR528- 5p 1 uggaaggggcaugcagaggag 21 0
UserSeq 1 ccugugccugccucuuccauu 21
DE barley I T
mappedsRNA | CCTGTGCCTGCCTCTTCCATT| miR528 NA mla60 HAI (1.99) zma- miR528a - 3p 1 ccugugccugccucuuccauu 21 0

5NA: Barley genome mapped sRNAs are mmudtpping

6+ DE barley line, thepoint(s), and logfold expression change compared with WT

L



73

in vivosRNA cut sites in a highroughput next generation sequencing methdlddoQuayeet

al., 2008, Germaeet al., 2008, Gregoret al., 2008) RM from 0, 16, 20, 24, 32,and 48 HAI was
pooled by genotype for a total of five sequenced libraries for the Wa&6, rar3, binl, and

mla6 + bin1Bghinfected lines. The five libraries averaged around 33 million reads per library
for a total of ~166 millio reads. These data were processed as shov#ngiare3.1B. Briefly

the reads were quality timmed and evaluated separately with the PARE analysis programs

SPARTA and CleaveLgAddo-Quayeet al., 2009, Kakranet al., 2014)

The PARE analysis programs take three sets of data including barley transcriptome data,
candidate sRNAs, and qualitynmed PARE sequencing data to identify validated sSRNA
transcript pairs. Through this process we identified three tygfd3AREvalidated SRNAs
(Supplemental Tabl&.2 [See Appendix]). First, we identified 24 conserved miRNAs with
known transcript targets. Second, we identified 35 novel miRNAs with-Palid&ted cut sites.
Lastly, we identified 61 barley mapping DE aith PAR&alidated cut sites. The transcript
targets for the PAR#alidated sRNAs were functionally annotated using ensembl annotations,
blastx comparisons to the nr database, interproscan (v-548), and literature reviewTable
3.3). Transcriptimal regulation, signaling, and energglated functional categoriesrade up
33.3%, 11.4%, and 6.586the functional annotationsrespectively. Transcriptierelated
targets included developmesrelated transcription factors (TFs), Auxin response factors,
homeobox, MYB, and NAC TFs, as well as transcript splicing factors. Signaling types regulated
through sRNAs included calcium, phosphaste (kinases and phosphatases), and phytohormones

including JA and auxin.
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Table3.3 PAREvalidated transcript target functional annotations

Functional Category Number Percentage

transcriptional regulation 41 33.3
hypothetical or unknown 17 13.8
signaling 14 114
metabolism 10 8.1
energy-related 8 6.5
cellular structure and function | 8 6.5
transporter 5 4.1
defense 5 4.1
cell wall related 5 4.1
vesicular transport 3 2.4
translation-related 3 2.4
redox control 2 1.6
protein turnover 1 0.8
post translational modification | 1 0.8

In the energyrelated category, pbtosynthesis related genes are targeted including three

isoforms of cytochrome f, four oxidoreductases, and a component of the photosystem antenna

complex. Many of these transcriptional regulators, signaling components, and photosynthesis

genes may be ceegulated during infection to control growth rates, as defense responses

require relatively large energy investmer{tSdhreet al., 2012)

Barley Leaf Phased siRNAs Regulate Gene Expression

Phased siRNAs (phasiRNAS) in plants are commonly 21 or 24 nucleotide (nt) SRNAs derived from

both cading and norcoding transcripts. Monocots primarily produce phasiRNAS in

reproductive tissues that regulate nasoding RNA expressidReiet al, 2013, Komiya, 2017)

However, very few studies have reported réggion of gene expression in nePASoci in

monocots with some exceptior(kiuet al, 2014, Zhengt al,, 2015) In our study oBgh
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infected barley leaves we identified barley phasiRNA loci with phasing si2és2#, and 24 nt
that overlap with coding transcripts with functional categories enriched in signaling,
metabolism, and defense.

To identify barley phasiRNA loci expressed urtgrinfection, we mapped sequencing
reads from all 90 lllumina sRNA &bes described above to the barley genome with O
mismatches allowed using bowtfeangmeackt al., 2009) These mapped reads were run
through two filters described ifinternational Brachypodium, 201@nd detailed in Methods.
First, the pvalue filter wa applied to identify loci with a-palue of <0.01. Second, a phasing
score was calculated for a 1 Kb region surrounding these loci. These filters were used to
identify phasing sites in all 90 libraries individually (individual library phasing), assvetlthe
genotype level (genotype level phasing). For the individual library phasing, we identified 1650
individual phasiRNA loci with a distribution of phasiRNA sizes with peaks at 21, 22, and 24 nt
(Figure3.4). Many predicted phasing loci overlappattavere therefore concatenated,
resulting in 101 total phasing loci.

The positions of the concatenated phasiRNA loci were compared to predicted barley
protein-encoding genes, miRNA genes, nckINéoding loci, and transposable elements. Of
the 101 phasiRA loci there were no overlaps with predicted miRNAs from this study and the
set described in the latest barley genome pafidascheret al,, 2017) We also found very

little overlap (4.9%) between phasiRNA s#esl predicted transposable elements (TES)
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Figure3.4 PhasiRNA size distributions for individual library phasing (blue) and gerotype
specific phasing (orange).

(Mascheret al., 2017)or with the barley ncRNAs from ensembl (v39). We did find 69
(67.6%) phasiRNA loci that overlap within 1 Kb of 46 barley predicted protein coding genes,
however. Highr percentagefunctional categories of the transcripts that overhajth
phasiRNA loci include defense, metabolism, and signaliaigi€3.4).

Nine transcripts are targeted by phasiRNA identified in at least 10 of the 90 libraries
including transcripts encoding three receptor kinases, ubiquitin, a vesicle transgakd
SNARE, three metabolic proteins, and a protein related to cytokinin signaling. In addition, three
of these transcripts (HORVU6Hr1G081160, HORVU1Hr1G006020, and HORVU1Hr1G069840)
have overlapping predicted phasiRNA loci present in at least 30 of thier@fies. PhasiRNA
loci mapped to these genes in almost all genotypes and timepoints tested, indicating they are

likely biologically important to barley leaves duriBghinfection. They encode a cysteingh





















































































































































































































