2 New
N Phytologist

Researck

Phytophthora infestans Argonaute 1 binds microRNA and small
RNAs from effector genes and transposable elements

Anna K. M. Asman’, Johan Fogelqvist', Ramesh R. Vetukuri® and Christina Dixelius’

lDepartmem of Plant Biology, Swedish University of Agricultural Sciences, Uppsala BioCenter, Linnéan Center for Plant Biology, PO Box 7080, SE-75007 Uppsala, Sweden; 2Departmem of

Plant Protection Biology, Swedish University of Agricultural Sciences, Resistance Biology Unit, PO Box 102, SE-23053 Alnarp, Sweden

Author for correspondence:
Anna K. M. Asman

Tel: +46 18673235

Email: anna.asman@slu.se

Received: 3 December 2015
Accepted: 26 February 2016

New Phytologist (2016) 211: 993-1007
doi: 10.1111/nph.13946

Key words: Argonaute (Ago), Crinkler
(CRN), effector, microRNA (miRNA),
Phytophthora infestans, transposon.

Summary

e Phytophthora spp. encode large sets of effector proteins and distinct populations of small
RNAs (sRNAs). Recent evidence has suggested that pathogen-derived SRNAs can modulate
the expression of plant defense genes. Here, we studied the SRNA classes and functions asso-
ciated with Phytophthora infestans Argonaute (Ago) proteins.

e sRNAs were co-immunoprecipitated with three PiAgo proteins and deep sequenced.

o Twenty- to twenty-two-nucleotide (nt) sSRNAs were identified as the main interaction part-
ners of PiAgo1 and high enrichment of 24-26-nt SRNAs was seen in the PiAgo4-bound sam-
ple. The frequencies and sizes of transposable element (TE)-derived sRNAs in the different
PiAgo libraries suggested diversified roles of the PiAgo proteins in the control of different TE
classes. We further provide evidence for the involvement of PiAgo1 in the P. infestans
microRNA (miRNA) pathway. Protein-coding genes are probably regulated by the shared
action of PiAgo1 and PiAgo5, as demonstrated by analysis of differential expression. An abun-
dance of sSRNAs from genes encoding host cell death-inducing Crinkler (CRN) effectors was

bound to PiAgo1, implicating this protein in the regulation of the expanded CRN gene family.
e The data suggest that PiAgo1 plays an essential role in gene regulation and that at least two

RNA silencing pathways regulate TEs in the plant-pathogenic oomycete P. infestans.

Introduction

RNA plays a central regulatory role in all cellular life forms. Not
only is RNA the catalytic component of the ribosome, it also func-
tions in defense against infectious agents and plasmids, mediates
epigenetic control of gene expression and is an essential compo-
nent of the pre-mRNA splicing machinery. Eukaryotic genomes
contain large amounts of nonprotein-coding RNA (ncRNA) and
it has been suggested that it is not the number of genes, but the
proportion of ncRNA, that determines organismal complexity
(Liu etal., 2013; Morris & Mattick, 2014). Regulatory RNAs of
<200 nucleotides (nt) in length (small RNAs (sRNAs)) act as
sequence-specific guide molecules to direct the silencing of com-
plementary DNA and RNA. The main interactors of 20-30-nt
sRNAs in eukaryotic cells are proteins of the Argonaute o
family. These sSRNA—Ago complexes mediate a multitude of func-
tions, the most well-studied processes of which are gene expression
regulation, antiviral defense and transposable element (TE) con-
trol (Mallory & Vaucheret, 2010; Clark ezal, 2013). Bacterial
and archaeal genomes also encode Ago proteins, but prokaryotic
Agos mediate DNA interference by binding either sSRNA or small
DNA guides in defense against invasion by plasmids, phages and
transposons (Olovnikov ez al., 2013; Swarts et al., 2015a,b).

The first RNA silencing process described in plants was dou-
ble-stranded RNA-induced virus resistance, later termed RNA
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interference (RNAi; Waterhouse ezal, 1998). In addition to
antiviral RNAI, additional sRNA-directed processes are now
recognized as important regulators of plant defense and
pathogen virulence. For instance, microRNAs (miRNAs) and
phased small interfering RNAs (siRNAs) regulate the expres-
sion of resistance (R) genes in solanaceous and leguminous
plants (Zhai eral, 2011; Li eral, 2012; Shivaprasad eral,
2012). In the absence of pathogen infection, the R genes are
silenced by sRNA-guided transcript cleavage, but decreased
expression of specific plant miRNAs under pathogen attack
leads to R gene activation. This mechanism enables pathogen-
inducible upregulation of R gene expression, probably prevent-
ing autoimmunity and reducing fitness costs in the absence of
pathogens.

In some species, sSRNAs have the capacity to translocate
between cells. In the worm Caenorhabditis elegans, sSRNA uptake
from the environment and transport within the organism
require the transmembrane proteins SID-1 and SID-2 (Winston
etal., 2002, 2007). Plant sRNAs are mobile, both locally and
systemically, and are probably transferred from infecting
pathogens, but the mechanism of RNA uptake in plants is
unknown (Knip eral, 2014; Sarkies & Miska, 2014). As a
result of their restricted sizes and universal target base-pairing
rules, host cell targeting by sRNAs would be a potent mecha-
nism for pathogens to manipulate host mRNA expression. Such
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events have been demonstrated in the interaction between the
fungal pathogen Botrytis cinerea and Arabidopsis thaliana, where
fungal sRNAs target and downregulate host immunity genes
(Weiberg eral., 2013). This process requires fungal Dicer-like
(Dcl) proteins and AtAgol.

To establish disease on their hosts, plant pathogens produce
effectors, which are secreted molecules that interfere with plant
cellular processes to promote infection (Kamoun, 2007). The
genomes of Phytophthora species code for numerous effectors,
the majority of which are cytoplasmically translocated RxLR
and Crinkler (CRN) proteins, defined by their distinctive
amino acid motifs. The Phyrophthora infestans reference
genome (240 Mb) has been predicted to contain 563 RxLAs,
196 CRNs and 255 CRN pseudogenes (Haas ez al., 2009). The
activities of most of these molecules are unknown, but, from
the cases in which the function has been studied, it is clear that
Phytophthora effectors target diverse plant processes (Fawke
etal., 2015). Two RxLRs from Phytophthora sojac have RNA
silencing suppression activity (Qiao ezal., 2013). The effectors,
named PSR1 and PSR2 (for Phytophthora suppressor of RNA
silencing), repress host sRNA biogenesis. The interaction
partner of PSRI in Arabidopsis is a nuclear-localized helicase,
whose silencing impairs AtDcll subnuclear localization (Qiao
etal., 2015). The fact that P. sojae has evolved the capacity to
suppress plant RNA silencing points towards a critical role
of sRNA-directed processes in defense against Phytophthora
diseases.

Gene silencing in oomycetes is most well characterized in
the potato late blight pathogen P.infestans. The P.infestans
genome encodes the three core components involved in RNA
silencing, comprising two Dcl genes (PiDcll, PiDcl2), five Ago
genes (PiAgol-5) and one RNA-dependent RNA polymerase gene
(PiRdRI; Vetukuri etal, 2011a; Fahlgren etal, 2013). Four
distinct PiAgo proteins are produced, as Pidgol and PiAgo2
are nearly identical duplicated genes. Deep sequencing has
shown that sRNAs in Phytophthora are centered on 21 and
25nt (Vetukuri eral, 2012; Fahlgren eral., 2013). Repetitive
sequences constitute ¢. 75% of the P. infestans genome (Haas
etal., 2009), and the majority of sRNAs derive from retro-
transposon sequences. Specific sets of sSRNAs, however, map to
effector genes (Vetukuri eral, 2012). The presence of 21-nt
sRNAs from genes encoding CRNs suggests that these effectors
are under sRNA-directed control. To deepen our understand-
ing of the strategies used by P. infestans to evade detection by
the host immune system and how the pathogen causes disease,
further analysis of sRNAs and sRNA-interacting proteins in
this organism is of critical importance.

In the present study, we aimed to_identify the SRNA classes
associating with P infestans Ago proteins and to clarify
whether the PiAgos have distinct or overlapping functions. We
found that PiAgol and PiAgo4 bind distinct sets of sRNAs.
PiAgol-associated 20-22-nt sRNAs were enriched for protein-
coding genes and Gypsy long terminal repeat (LTR) retrotrans-
posons, whereas 24-26-nt PiAgo4-bound sRNAs derived
mainly from Helitron, Crypton, PiggyBac and Copia trans-
posons. sRNAs from CRN genes and the single verified
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miRNA in P. infestans, pin-miR8788, were identified as bind-
ing partners of PiAgol.

Materials and Methods

Phytophthora infestans transformation, vector construc-
tion, 5 rapid amplification of cDNA ends (RACE) and quan-
titative reverse transcription-polymerase chain reaction
(qQRT-PCR)

Transformation of Phytophthora infestans (Mont.) de Bary and
the maintenance of strains were performed as described by
Vetukuri ezal. (2012). The green fluorescent protein (GFP) gene
was PCR amplified from pTOR-eGFP (Supporting Information
Table S1) and ligated downstream of the ham34 promoter in
pTOR (GenBank EU257520). N-terminal GFP tagging
employed Spel and Xbal, creating pTOR-NGFP, whereas
pTOR-GEPC was created using Xbal and Sacdl. The PiAgo
sequences were PCR amplified from genomic DNA of
P. infestans 88069. Before ligation into pTOR-NGFP, the
PiAgol PCR product was digested with Xbal and Sacll, whereas
the PiAgo3/4/5 products were digested with Xbal and Nod. All
PiAgo PCR products aimed for C-terminal GFP tagging were
digested with Spel and Xbal, and cloned into pTOR-GFPC. 5’
RACE was performed according to the manufacturer’s instruc-
tions (Thermo Scientific 18374058, Waltham, MA, USA), using
as input total RNA from isolate 88069. Total RNA extraction,
c¢DNA synthesis and qRT-PCR were performed as described by
Vetukuri ez al. (2011a).

Protein and RNA co-immunoprecipitation

Immunoprecipitation (IP) of PiAgo-GFP and control GFP was
performed according to the manufacturer’s protocol (Chromotek
gtm-100, Planegg-Martinsried, Germany), except for minor
adjustments: dilution and wash buffers included 0.5% NP-40
and the wash buffer contained 500 mM NaCl. Protease inhibitor
cocktail (Roche, Basel, Switzerland), 1 mM phenylmethylsul-
fonyl fluoride (PMSF) and 80 U ml™" RiboLock RNase inhibitor
(Thermo Scientific) were supplemented to all buffers. For
Western blot, the immunocomplexes were eluted by boiling
(95°C, Laemmli buffer, 8 M urea). Samples destined for RNA
analysis were eluted by heating (70°C, 200 mM NaOAc, pH 5.5,
1 mM EDTA, 1% sodium dodecyl sulfate (SDS)) and extracted
by phenol—chloroform.

Immunoblotting

Input and nonbound IP fractions were mixed 1:1 with
2 x Laemmli buffer. These, and the bound fraction, were sepa-
rated by 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes. Proteins
were detected by the monoclonal GFP antibody JL-8 (1:1000,
Clontech 632381, Mountain View, CA, USA). Blocking, sec-
ondary antibody incubation, development and detection were
performed as described by Munch ez al. (2015).
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Denaturing PAGE and Northern hybridization

An aliquot of the co-immunoprecipitated RNA was 5" dephos-
phorylated using CIAP (Life Technologies, Carlsbad, CA,
USA), end-labeled with y-**P ATP and resolved on denaturing
15% polyacrylamide gels. Total RNA from isolate 88069,
PiAgol-GFP and GFP was extracted using TRIzol reagent (Life
Technologies).  pin-miR8788 was analyzed by Northern
hybridization (Vetukuri ezal., 2012) using a v->*P ATP 5’ end-
labeled DNA oligonucleotide. Sense and antisense riboprobes
(Table S1) were generated as described by Vetukuri eral
(2011b).

SRNA sequencing and data analysis

RNA enriched for the low-molecular-weight fraction was
extracted from the PiAgol-GFP line using the mirVana™
miRNA isolation kit (Ambion, Waltham, MA, USA). These
samples and co-IP RNA were sequenced on the Ion Proton plat-
form using the Ion PI Sequencing 200 kit v3 (Life Technologies)
at_Scilifelab (Uppsala, Sweden). The 18-30-nt adaptor-free
reads (Table S2) were mapped to the P. infestans genome (http://
www.broadinstitute.org) using (BONMEINVENOIY) (Langmead ez al.,
2009), allowing no mismatches and reporting all mapping loca-
tions. The sSRNA reads were classified based on the mapping loca-
tion. Annotations of protein-coding genes, transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs) were downloaded from
htep://www.broadinstitute.org. The repeat library was based on

annotations from Haas ez 4l (2009) with the inclusion of unan-
notated repeats identified using nucmer from thJJIVIUNIERIFIES
@BERBI2B) with -maxmatch and -nosimplify (Kurtz ez al., 2004).

For the remaining analyses, reads mapping (BowTIE v.1.0.0, -v1)
to annotated (RNA/rRNA genes from the (RGIAISEHOME) or
fron {JREANIIIOND) (Gardner ez al, 2009) were discarded. Recording of
sRNA length, number, starting base, orientation and the proportion
of reads mapping to different classes was assessed using (SHINITOOHS)
v.0.1.19 (Li eral, 2009), (BEDTOOISINZI2810) (Quinlan & Hall,
2010) and custon{B&H) @GHPEH (available at hetps:/github.
com/johanfogel/tools4sam). Reads mapping to multiple locations
were scaled, so that, for each read, the sum of all mapping counts
was equal to unity.

The numbers of reads mapping uniquely to transcripts were
counted using (ElISEGScousm GOGINED (Anders eral, 2015)
and differential expression analysis was performed usingjIDESEG2)
v.1.8.1 (Anders & Huber, 2010). Genes were regarded as
enriched for PiAgo-associated sRNAs if the log, fold change to
the GFP IP was at least two and the adjusted 2<0.05 (Benjamini
& Hochberg, 1995). The log, fold change was visualized in

ternary plots using th{JREpackage@emery) (Hamilton, 2015).

miRNAs were predicted using (SHORTSTACKIVIZINON0 xcell,
2013) and default plant miRNA settings, except for adjusting

the sRNA size range to 18-26 nt. Strand-specific transcriptome
sequences from P. infestans 88069 mycelium were mapped to

the P. infestans genome using (HOPEANEZIONS) (Kim ezal,

2013) and default settings. After duplicated reads were marked

wsing PIcARD v.1.137, GATK v.3.3.0) SHTNCIGARREADS and
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(FEEIPREENGHMERD (McKenna eral, 2010) were applied, and
variant discovery was performed using (GAIE EEFG
@@BEG@RIIER) (DcPristo eral, 2011). Variants were filtered using
AR VRENEEITREeN All GATK tools were applied
using recommended RNA sequencing standard workflow set-
tings (Van der Auwera eral., 2013). A denovo transcriptome

assembly was constructed using (IRINGNIZOIZOZNA (Grabherr

etal., 2011) using jaccard clipping and default settings. Candi-

date coding regions were predicted using (IRENSPEGODER
v.2.0.1 (Haas etal., 2013).

Phylogenetic analysis

PIWTI (P element-induced wimpy testis) domain sequences were
obtained by Pram analysis (http://pfam.xfam.org/) of full-length
Ago protein sequences. All included oomycete proteins were pre-
dicted to have, at minimum, PAZ (Piwi Argonaute Zwille) and
PIWI domains. The identified PIWI domain sequences were
added to the multiple sequence alignment from Swarts ez al.
(2014) @SHEIVIREEIRA (hccp://mafft.cbre.jp/alignment/software/
; Katoh & Frith, 2012) and default settings (Fig. S1; Table S3).
Maximum likelihood phylogenetic reconstruction was performed
irfIVIEGRSIZID) (Tamura e al., 2011), applying the Jones—Taylor—
Thornton substitution model and 1000 bootstrap replications.
Uniform rates of evolution among sites were assumed and gaps
were partially deleted (cutoff 60% site coverage).

Immunostaining

Sporulating mycelia were fixed in 4% formaldehyde/
Phosphate-Buffered Saline (PBS) for 20 min and washed for
3 x 5 min with PBS. Cell walls were partially digested by incu-
bation for 20 min in Smgml_1 lysing enzymes, 2mgml_1
cellulase (Sigma-Aldrich, St Louis, MO, USA) supplemented
with protease inhibitor cocktail (Roche) and 1 mM PMSE.
Samples were washed, permeabilized with PBS-0.2% Triton
X-100 (PBST) for 10 min, blocked in 2% BSA/PBST for
45 min at room temperature (RT) and incubated with GFP
antibody (1:250, Abcam ab6556, Cambridge, UK) overnight
at 4°C. After washing, the samples were incubated with goat
anti-rabbit IgG Alexa Fluor 555-conjugated secondary antibody
(1:500, Abcam ab150078) for 2 h at RT and washed. Nuclei
counterstained  with 0.4 pgml™'  4',6-diamidino-2-
phenylindole for 20 min. The samples were mounted in Vec-
tashield (Vector Peterborough, UK).
acquisition and analysis were performed as described previously
(Munch et al, 2015).

were

Laboratories, Image

Accession numbers

The sRNA and mRNA transcriptome sequencing data are avail-
able through the National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus, Series accession number
GSE75282 (htep://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE75282). The revised PiAgo3 gene model has been
deposited in GenBank, accession number KU168413.
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Results

Oomycete Ago proteins form two clades

Eukaryotic Ago proteins contain four conserved functional
domains. The N-terminal domain is important for target cleav-
age and sRNA duplex unwinding, whereas the PAZ and Mid
domains bind the sSRNA 3’ and 5 ends, respectively. The PITWI
domain adopts an RNase H fold and, similar to RNase H
enzymes, cleavage-competent Ago proteins have four catalytic
amino acids in their PIWI domain (Swarts et a/., 2014). This so-
called catalytic tetrad (DEDH/D) forms the active site, where tar-
get RNA is cleaved via a two-metal-ion-dependent mechanism
(Nakanishi et al., 2012).

To clarify the relationship among the oomycete Ago proteins,
we performed a phylogenetic analysis using the PIWI domains
of selected bacterial, archaeal and eukaryotic Ago proteins. The
eukaryotic sequences were chosen to represent the major eukary-
otic supergroups, with a bias towards Stramenopiles, a lineage
that encompasses oomycetes, brown algae and diatoms, among
others (Adl eral, 2012). The analysis placed the oomycete Ago
proteins within the Ago subfamily (Shabalina & Koonin, 2008;
Swarts eral., 2014), although with low statistical support
(Figs 1, S2). This result is in accordance with the overall higher
sequence similarity of P. infestans Ago proteins to Ago-type than
to Piwi-type proteins. The placement of Ectocarpus siliculosus
Agol among the oomycete Ago proteins had low confidence,
but suggests that oomycete Agos are more closely related to
Agos in brown algae than in diatoms. An earlier study (De Riso
etal, 2009) also found that diatom Agos form a separate
group.

The separation of the oomycete Agos into two well-defined
clades was well supported in the phylogeny. As observed in
a previous analysis of P.sojae, Phytophthora ramorum and
P. infestans Ago sequences (Fahlgren eral, 2013), one clade
comprised proteins homologous to PiAgo3, PiAgo4 and PiA-
go5, and the other clade included PiAgol-like proteins (Fig. 1).
The Ago4 and Ago5 proteins formed two separate subclades,
but the PiAgo3-like proteins did not form a monophyletic
group. Notably, we found that none of the Ago3/4/5 proteins
had the amino acids DEDH/D at the positions corresponding
to the cartalytic tetrad. The majority, instead, had DDDH, sug-
gesting that the Ago proteins in this clade mediate silencing
through a cleavage-independent mechanism (Swarts ez al.,
2014). By contrast, all oomycete Agol homologs, except one,
had intact DEDH catalytic amino acids in their PIWI domains.
The exception was one of the two Saprolegnia diclina Agol
homologs (DDDK).

Establishment and validation of GFP-tagged Ago lines

To identdify PiAgo-interacting sRNAs from P. infestans, we
employed PiAgo-sRNA co-IP. Stable transgenic lines expressing
GFP-tagged PiAgo proteins were generated by protoplast trans-
formation. Both N- and C-terminal tagging was attempted for
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each protein, but only N-terminal GFP lines were recovered for
PiAgol, PiAgo4 and PiAgo5, whereas the PiAgo3 lines carried a
C-terminal GFP construct. The most strongly expressing line of
each construct (evaluated by fluorescence microscopy) was chosen
for further studies. A line harboring GFP driven by ham34
(Judelson ez al., 1992), the same constitutive promoter as applied
in the PiAgo-GFP lines, was included in subsequent experiments
(henceforth termed GFP control).

To assess the PiAgo transcript abundances in the selected
PiAgo-GFP transformants, qRT-PCR analyses were performed,
measuring the combined expression level of endogenous Pidgo
and the introduced PiAgo genes. The PiAgo! level in the corre-
sponding tagged line was about twice that of the wild-type
(Fig. S3a). The PiAgo3 expression level in PiAgo3-GFP was
almost five-fold elevated and the PiAgo5 transcript in Pidgo5-
GFP accumulated to about the same level as in the wild-type
(Fig. S3b). The highest overexpression was seen in the Pidgo4-
GFP line, where the PiAgo4 abundance was ¢. 200-fold elevated
compared with the wild-type (Fig. S3a). PiAgol and PiAgo4
accumulated at comparable levels in their respective tagged
lines, as endogenous PiAgol is expressed at high levels
(Vetukuri ezal., 2011a). In the control GFP line, all four PiAgo
transcripts were expressed at similar levels as in the wild-type

(Fig. S3a,b).

Cytoplasmic localization of PiAgo1 and PiAgo4

To reveal to which subcellular compartment the PiAgo proteins
localize, the GFP-tagged P. infestans lines were studied by confo-
cal microscopy. Low GFP signal and high background fluores-
cence at the GFP emission wavelengths made it difficult to
distinguish the PiAgo-GFP signal from autofluorescence. Instead,
immunofluorescence with a GFP antibody and a fluorescent
secondary antibody was employed, which increased the signal-
to-noise ratio and allowed the detection of PiAgol and PiAgo4.
Both proteins were observed primarily in the cytoplasm in
P. infestans hyphae and sporangia (Fig. S4).

Ago-sRNA co-immunoprecipitation

Following co-IP, proteins and sRNAs were extracted and ana-
lyzed by Western blot and denaturing PAGE. GFP-tagged PiA-
gol (130kDa) and PiAgo4 (124kDa) were expressed at
approximately equal levels, although a detectable level of free
GFP was observed in the PiAgo4-GFP line (Fig. 2a). PiAgo3,
with a predicted molecular mass of 160 kDa, was undetectable
(Fig. S5a). PiAgo5-GFP (120 kDa) was expressed (Fig. S5a), but
not detectable in the IP fraction. Western blotting of a protein
dilution series showed that the amount of GFP in the control line
was over 40-fold higher than the amounts of PiAgol-GFP and
PiAgo4-GFP in the tagged lines (Fig. S5b).

RNA was extracted from the co-IP samples from PiAgol, PiA-
go4, PiAgo5 and the GFP control, end-labeled with 32D and sep-
arated by denaturing PAGE. Distinct sSRNA size profiles were
seen for the three PiAgo proteins. Notably, strong signals from .
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Fig. 1 Phytophthora Argonautes (Agos) form two distinct clades. Unrooted maximum likelihood phylogenetic reconstruction created using the PIWI (P
element-induced wimpy testis) domains from selected Ago-like, Piwi-like and prokaryotic Agos. Numbers indicate interior branch bootstrap values >70%.
Clades were collapsed for clarity. Branches and clades are color-coded, as indicated to the left of the tree. Bar, number of amino acid substitutions per site.

21- and 25-nt sRNAs were observed in the samples from PiAgol
and PiAgo4, respectively (Fig. 2b). These two sRNA fractions
correspond to the major sSRNA size classes previously identified
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in P.sojae, P.infestans and P. ramorum (Vetukuri eral., 2012;
Fahlgren eral., 2013). The sRNA signal was weak in the PiAgo5
IP, but a band at ¢. 27 nt was visible.
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electrophoresis analysis of small RNAs (sSRNAs) eluted from the PiAgo-GFP
immunocomplexes and end-labeled with 3?P. M, RNA marker; nt,
nucleotide.

Evidence for PiAgo3 pseudogenization in isolate 88069

Detection of PiAgo3-GFP by Western blot was unsuccessful
(Fig. S5a). On closer analysis of the PiAgo3-GFP construct, a sin-
gle-nucleotide indel (a T deletion) was identified at position 1023
in PiAgo3, corresponding to the predicted third exon in the refer-
ence genome T130-4. This indel could also be found in a
sequenced PiAgo3 PCR product obtained with genomic DNA
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from isolate 88069 and in transcriptome sequence reads from the
same isolate. Alignment of the transcriptome reads to the T30-4
PiAgo3 genomic locus did not find support for the two predicted
introns, suggesting that PiAgo3 in 88069 differs from the T30-4
gene annotation.

5" RACE confirmed the lack of introns in PiAgo3 from 88069
and identified an alternative upstream start codon in the tran-
script (Fig. S6). The sequence between this start codon and the
annotated stop codon was found to be highly similar to a full-
length Ago-encoding open reading frame (ORF) in Phytophthora
parasitica. The corresponding ORF in isolate 88069 was, how-
ever, disrupted by the earlier described indel, leading to PiAgo3
pseudogenization  (Fig. S7). The homologous relationship
between the two Ago3 loci is evidenced from both genomic syn-
teny and phylogenetic co-clustering of the two PIWI domains
(Fig. 1). Moreover, the 5" terminal parts of both transcripts
encode glycine—arginine-rich repeats, which, in the N-termini of
Trypanosoma brucei and Toxoplasma gondii Ago proteins, are
known to be important for Ago function (Shi eral, 2004;
Musiyenko ez al., 2012). Although the frequency of the PiAgo3
indel is unknown among P. infestans isolates, pseudogenization
would explain our failure to detect PiAgo3-GFP by Western blot.
Consequently, PiAgo3 was excluded from further analyses.

Distinctive SRNA size preferences of PiAgo proteins

sRNAs from the PiAgo IP samples, the control GFP IP and non-
IP sRNAs from the PiAgol-GFP line (‘Agol input’) were sub-
jected to high-throughput sRNA sequencing. In total, ten
libraries were sequenced, generating 109 621 761 reads on an lon
Proton sequencing platform (Table S2). Genome-wide mapping
of the sRNA sequence reads confirmed the size distribution
observed by gel electrophoresis from PiAgol and PiAgo4 (Fig. 3).
PiAgol was dominated by 20-22-nt sSRNAs and clearly depleted
for 24-26-nt species, whereas the majority of PiAgo4-associated
sRNAs were 24-26 nt long. The size distributions in the PiAgol
input and in GFP IP were bimodal and centered on 21 and 25 nt.
The profile in the PiAgo5 IP sample differed from the control
samples by being enriched for 21-nt sSRNAs (Fig. 3). This argues
for the presence of a low (Figs S3b, S5a), but significant, amount
of PiAgo5-GFP fusion protein in this transgenic line. The 21-nt
sRNAs were not observable by gel electrophoresis in the PiAgo5
sample (Fig. 2b), which was probably caused by the low PiAgo5
IP efficiency.

5" nucleotide identities of co-purified SRNAs

The preferential association of PiAgol and PiAgo4 with dis-
tinctly sized sSRNAs suggests that the sSRNA length is an impor-
tant determinant for Ago sorting in P. infestans. To further
examine the sSRNA binding properties of the PiAgo proteins, we
analyzed the 5’ nt identities of the PiAgo-associated sRNAs.
Recognition of the 5’ terminal nt has been shown to form the
basis for Ago sRNA specificity in organisms such as Arabidopsis,
Drosophila and humans (Mi et al., 2008; Frank ez al., 2010; Cora
etal., 2014). A clear 5" nt preference was observed in the PiAgo4
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sample, where 78% of total sSRNAs (18-30 nt) had 5’ uracil (U),
compared with 54% in the GFP control. This bias was particu-
larly pronounced for 24-26-nt PiAgo4-bound sRNAs, which
had 5" U in 91% of cases (Figs 4a, S8; Table S3). PiAgol showed
enrichment of 5’ cytosine (C): 25% of the 18-30-nt sSRNAs had
this 5 nt, compared with 13% in the PiAgol input and 11% in
the GFP control. The enrichment of 5’ C in the PiAgol IP and
5’ U in the PiAgo4 IP agrees with the earlier observed high preva-
lence of 5’ C in 21-nt sSRNAs and of 5’ U in 25/26-nt sSRNAs in
P. infestans (Vetukuri ez al., 2012).

Identity of PiAgo-enriched sSRNAs

To investigate potential functional diversification between the
PiAgo proteins, we analyzed the genomic origins of the sSRNAs in
the different PiAgo IP samples. The numbers of mapping
sequence reads were counted in the following nine annotated fea-
ture sets from the P. inféstans genome: intergenic regions, TEs
and repeats, tRNA genes, rRNA genes, introns, total protein-
coding genes (effector-encoding genes excluded) and effector
genes (RxLRs, CRNs and CRN pseudogenes).

The majority of the sRNAs (18-30nt) in the ten libraries
derived from TEs (Fig. 4b; Table S3). A comparatively large pro-
portion of sRNAs in the PiAgol IP mapped to protein-coding
genes (10%), CRNs (1%) and pseudo- CRNs (2%). In the PiAgo4
IP, the fractions of sRNAs mapping to the different genomic
locations were similar to those of the GFP control IP sample.

© 2016 Swedish University of Agricultural Sciences (SLU)
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sRNAs from introns and intergenic sequences were overrepre-

sented in the PiAgo5 sample.

Repeat class-specific PiAgo association

We next analyzed the repetitive sequences in more detail to
find repeat classes specifically associated with a particular PiAgo
protein. The largest transposon class in the P. infestans genome
consists of Gypsy LTR retroelements (Haas ezal., 2009), which
account for approximately one-third of the genome. sRNAs
from Gypsy LTRs were predominantly 20-22 nt in length and
enriched in the PiAgol IP sample (Figs5, S9; Table S3). Two
classes of DNA transposons, Mutator and helENtron, were also
biased towards 20-22-nt PiAgol-associated sRNAs. Of the
remaining transposon classes present in the P. infestans genome,
Copia LTRs, and Helitron, Crypton and PiggyBac elements had
more 24-26-nt than 20-22-nt sRNAs. A similar observation
regarding Helitron, Crypton and PiggyBac repeats was found by
Vetukuri etal. (2012). The sRNAs centered on 21 nt were
associated with PiAgol and, to some extent, with PiAgo5,
whereas 24-26-nt-long sRNAs dominated in the PiAgo4 IP
(Fig.5). To verify the co-IP of sRNAs from Gypsy and
helENtron with PiAgol, and of Copia and Crypron sRNAs with
both proteins, Northern hybridizations were carried out.
sRNAs from the analyzed TEs were undetectable in the IP
samples and generated only weak signals in the input material
(Fig. S10). The detected sRNAs were also longer than expected:
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25-28 nt from Gypsy, Copia and Crypton and >40nt from
Gypsy and helENtron.

CRN-derived sRNAs associate with PiAgo1

sRNAs generated from RxLR genes were relatively low in num-
ber, but their size distribution was similar to that of Copia,
Helitron, Crypron and PiggyBac transposons (Figs 5, 6). Con-
versely, CRNs and pseudo- CRNs were potent producers of PiA-
gol-enriched 20-22-nt sRNAs (Fig. 6). This latter result is in
agreement with previous studies, wherein the majority of
reported CRN mapping sRNAs were 21 nt in length (Vetukuri
etal., 2012; Fahlgren ez al., 2013). The 21-nt sRNAs from CRNs
and pseudo- CRNs were also found in the PiAgo5 IP, although to
a lesser extent than in the PiAgol IP. The relative levels of 23—
26-nt sRNAs from CRNs and pseudo-CRNs were higher in the
PiAgo4 sample than in the GFP control (Fig. 6).

To examine the preferential association of sSRNAs from CRNs,
pseudo- CRNs and RxLRs with PiAgol, PiAgo4 and PiAgo5 in
comparison with GFP, a differential expression analysis was per-
formed on P. infestans total protein-coding genes using DESeq2
(Anders & Huber, 2010). We focused on three sSRNA size ranges:
18-30, 20-22 and 24-26 nt. CRN- and pseudo-CRN-derived
18-30-nt-long reads were present in all three PiAgo IPs, but sig-
nificant sSRNA enrichment was identified only in the PiAgol and
PiAgo5 samples (FigsS11, S12; TableS4). Six CRNs were
enriched for PiAgol-associated 18-30-nt sSRNAs. Among these,
PITG_18133 was the most potent sRNA-producing CRN in
terms of both sense and antisense sSRNAs. This gene was signifi-
cantly enriched for sense 18-30-nt sRNAs also in the PiAgo5
sample. PITG_18133, and one additional gene, PITG_04812,
were found to be associated with PiAgol also in the analysis
performed on 20-22-nt sRNAs (Fig. S11; Table S4).
pseudo- CRNs showed significant sSRNA expression differences in

Five
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the PiAgol sample compared with the control. Among these loci,
a strikingly large number of sSRNAs mapped to PITG_22969 and
PITG_22270 (Fig. S12; Table S4). No CRNs or pseudo- CRNs
were significantly enriched for 24-26-nt sRNAs in any of the
PiAgo IP samples.

The expanded P. infestans CRN gene family has 196 full-length
members and 255 pseudogenes, and resides in several large clus-
ters in the genome (Haas ez al., 2009). The CRN proteins have
conserved N-terminal parts, containing LFLAK and DWL
domains, and highly diversified C-termini. In total, 35
C-terminal domain architectures can be identified among
P. infestans CRNs (Stam ez al., 2013). Taking non-uniquely map-
ping reads into account, a number of hotspots for PiAgol-
associated CRN and pseudo- CRN sRNAs were identified. Among
these, only DN5 and DC domain-encoding genes were repre-
sented (21 and 23 genes). The majority of the DC-type CRNs
were clustered on supercontig 6, whereas most DN5-type CRNs
were found in two clusters on supercontigs 16 and 63.

As a result of the small numbers of sSRNA reads from RxLRs,
no member of this gene family was identified as significantly
enriched for PiAgo-associated sRNAs (Fig. S13; Table S5). A
noticeable depletion of antisense RxLR-derived sRNAs was
observed in the PiAgol sample.

sRNAs from other protein-coding genes

To further characterize the sSRNA binding properties of the PiAgo
proteins, we employed the same enrichment analysis on P. inféstans
total non-effector protein-coding genes. In a previous sSRNA deep
sequencing study from P. infestans, an abundance of 18-23-nt
sRNAs was observed from inverted repeats and protein-coding
genes, whereas 24-30-nt sSRNAs mainly derived from transposons
(Fahlgren eral, 2013). The pattern of PiAgo-associated sRNA
reads mapping to protein-coding genes was in line with these
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Fig.5 Size distribution of small RNAs
(sRNAs) mapping to different transposon
classes in Phytophthora infestans. SRNAs
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both PiAgo1 and PiAgo4, whereas sSRNAs
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associate preferentially with PiAgo1. GFP,
green fluorescent protein; nt, nucleotide;
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findings: the majority were 20—22 nt, rather than 24-26 nt (Fig. 6).
The sRNAs that showed significant differential accumulation were,
to the largest extent, 2022 nt in length and associated with PiA-
gol (Fig. S14; Table S5). This is consistent with the total sSRNA
size distribution and the enrichment of sRNAs from protein-
coding genes in the PiAgol sample (Figs 3, 4b).

Among the genes significantly enriched for sSRNAs in the PiA-
go4 IP, PiAgo4 itself was represented. The sRNAs from Pidgo4
were, however, not of the PiAgo4-preferred 24-26-nt size class.
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Instead, the read distribution covered the whole 18-30-nt size
span. In terms of non-uniquely mapping reads, Pidgol and its
gene copy PiAgo2 were among the top 25 contributors of 18-30-
nt sRNAs in the PiAgol IP sample (CRN genes included). As
uniquely mapping reads were used in the differential expression
analysis, very few PiAgo1/2-derived sRNAs were considered. (The
two coding sequences differ at only two nucleotide positions.)
Nonetheless, the few unique 18-30- and 20-22-nt sRNAs that
were detected from PiAgol were significantly enriched in the
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PiAgol IP. Unique PiAgo2-derived sRNAs were not significantly
enriched in any of the PiAgo IPs.

Counting the total PiAgol/2 mapping reads in the PiAgol
input and IP samples, a roughly equal abundance of sense and
antisense sSRNAs was seen overlapping the two genomic loci, sug-
gesting the involvement of PiRdR1 in sRNA biogenesis. With
few exceptions, all PiAgol/2 sRNA reads in these samples were
19-22 nt in length, indicating specific PiDcl-mediated cleavage
(Fig. S15). By contrast, the SRNA read coverage over Pidgol/2
was low in the PiAgo4, PiAgo5 and GFP IPs, where the majority
of reads mapped in the sense direction and did not show any
sRNA size class preference.

To examine the sSRNA coverage over PiAgol and PiAgo2 in the
wild-type isolate from which the GFP-tagged PiAgo lines were
generated (88069), Illumina sRNA sequencing data (lo\sman
etal., 2014) were analyzed. Few sRNA reads overlapped the two
genes in 88069. The scarcity of sSRNAs in the wild-type and in
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the PiAgo4, PiAgo5 and GFP IP samples indicates that the boost
in sRNA production was restricted to the PiAgol-GFP transfor-
mant and therefore was an effect of PiAgol transgene expression.
In line with this interpretation, large numbers of sense and
antisense SRNAs mapping to GFP were observed specifically in
the PiAgol input and IP samples (Fig. S15).

The genes identified as significantly enriched for sSRNAs in the
PiAgo5 IP overlapped to a large extent with the PiAgol-enriched
genes (Fig. S14; Table S5). For the majority of the shared genes,
the sSRNAs co-purified to a larger extent with PiAgol than with
PiAgo5. Nevertheless, a significant expression difference was
shown in the PiAgo5 IP compared with the GFP control. The
gene most highly enriched for 18-30- and 20-22-nt sRNAs in
the PiAgo5 IP was PiAgo3. We were unable to detect any sRNAs
from PiAgo3 by Northern hybridization with PiAgo co-IP RNA.
Nonetheless, this observation suggests control of the PiAgo3
pseudogene transcript by PiAgo5 and 20-22-nt sSRNAs.
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PiAgo1 associates with miRNA

A single experimentally verified miRNA, miR8788, is reported
from Phyrophthora. miR8788 is conserved in at least three species
(P. infestans, P. ramorum and P. sojae) and is 21-22 nt in length
(Fahlgren etal., 2013). To search for additional miRNAs in
P. infestans, we analyzed the IP sSRNA sequence libraries using the
miRNA annotation program ShortStack (Axtell, 2013), but no
new candidate could be identified. p77-miR8788 was predicted in
the PiAgol input sample and in the IP samples from PiAgol and
PiAgo5. Reads from the miRNA and miRNA* sequences had
uniform 5" ends, but more variable 3’ ends and 2-nt 3" overhangs
at both sides of the predicted duplex (Table S6). The support for
miR8788 was rather weak (Kozomara & Griffiths-Jones, 2014;
http://www.mirbase.org/), as less than four miRNA* reads were
detectable in the different samples.

The vast majority of sSRNA reads from the pin-miR8788 locus
were 19, 20 and 21 nt in length. Notably, over five times as many
reads were 19 nt as 21 nt in PiAgol IP (Table S6). Similar to our
observations, the P.sojac homolog psj-miR8788a is 22 nt in
length, but sSRNA sequencing identified 19 nt as the most abun-
dant length (Fahlgren eral, 2013). The association of PiAgol
with pi7-miR8788 was confirmed by Northern hybridization
with co-IP sRNAs (Fig. 7). In addition to the PiAgol IP sample,
the miRNA was detectable in total RNA samples from 88069,
PiAgol-GFP and GFP. In agreement with sRNA sequencing,
three isoforms of pin-miR8788 were seen, but the sizes apparent
on the blot were 20-22 nt rather than 19-21 nt. Analyzing the
reads aligning to the pin-miR8788 locus in further detail, we
identified 21-nt p77-miR8788 sequences carrying one to five non-
templated uridines at their 3’ ends (total length, 22-26 nt). Such
extra added uridines were seen in all samples that contained reads
from pin-miR8788 (Table S6). Uridylation of plant sSRNAs pro-
motes 3'—5' exoribonuclease degradation (Ruegger & Grosshans,
2012), suggesting that the 19-nt reads represent degradation
intermediates.

Discussion

A previous study predicted a small number of candidate miRNAs
in P. infestans (Vetukuri eral., 2012), but miR8788 is, to date,
the only verified miRNA among three analyzed Phytophthora
species (Fahlgren eral., 2013). This is in stark contrast with the
numerous miRNAs found in plants (Nozawa eral., 2012) and
their well-studied biogenesis pathways (Rogers & Chen, 2013).
Fungi do not have miRNAs, but instead produce a class of
sRNAs, termed miRNA-like RNAs (Lee ez al., 2010). These have
silencing capacity, but do not match the criteria of current
miRNA prediction algorithms. Compared with miRNAs, the
miRNA-like precursor stemloop structures are more flexible in
length, and their biogenesis pathways are not as well defined as
those of miRNAs. miRNA-like sRNAs have also been described
in diatoms (Rogato eral, 2014), a sister lineage to oomycetes
within the Stramenopiles. Two miRNA candidates were pre-
dicted in Phacodactylum tricornutum, but these sSRNAs were des-
ignated as miRNA-like based on the presence of a 2-nt 3
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overhang only on one side of the miRNA/miRNA* duplex. As
P. infestans has the capacity to generate one miRNA and has
active sSRNA silencing pathways, it is likely that atypical miRNAs
also exist in this oomycete. The conserved vertebrate miR-451 is
generated via an unusual Dcl-independent pathway that does not
proceed via a miRNA/miRNA* duplex, but instead requires the
slicer activity of Ago2 and exonuclease trimming (Cheloufi ez al.,
2010). This example shows that failure to detect a miRNA*
sequence does not strictly imply that miRNAs are absent.

The detection of pin-miR8788 in the PiAgol IP by both
sRNA sequencing and Northern hybridization suggests that PiA-
gol is the major miRNA-binding partner in P. infestans. The
observation of 20—-22-nt-long pi7-miR8788 molecules by North-
ern  hybridization indicates that the abundant 19-nt-long
sequence reads represent degradation intermediates. In line with
this interpretation, 21-nt perfectly matching piz-miR8788 reads
carrying additional nontemplated U nucleotides at the 3’ end
were identified. Whether 3’ uridylation is a mark of sSRNA degra-
dation in P. infestans, similar to Arabidopsis and Chlamydomonas
reinhardtii (Ruegger & Grosshans, 2012), remains to be estab-
lished. Notably, P. infestans lacks a homolog of the methyltrans-
ferase Henl (Vetukuri etal, 2012), which 2'-O-methylates
sRNAs at the 3 end as a protection against uridylation, trimming
and degradation (Ameres & Zamore, 2013). In comparison with
the large number of reads from the miRNA strand in the PiAgol
and PiAgo5 IP samples, very few miRNA* reads were detected,
most probably reflecting the incorporation of only the guide
strand in the P. infestans RNA silencing complex.

There was a size discrepancy between the PiAgo5-bound
sRNAs detected by **P labeling (27 nt) and by sSRNA sequencing
(21 nt). As the latter technique is the more sensitive of the two,
the true size of PiAgo5-bound sRNAs is probably 21 nt. The
greater sensitivity of sRNA sequencing is evidenced by the
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Fig. 7 Association of pin-miR8788 with Phytophthora infestans Ago1.
pin-miR8788 is detectable by Northern hybridization in total small RNA
(sRNA) samples (input) and in the PiAgo1-bound fraction using a probe
antisense to pin-miR8788 (Fahlgren et al., 2013). Shown below the blot is
the membrane reprobed for 5S rRNA (Asman et al., 2014) as loading
control. Mock IP, IP in a strain that does not express a PiAgo-GFP protein;
M, RNA marker.
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generation of large numbers of sSRNA reads and a distinct sSRNA
size profile in the GFP IP (Fig. 3; Table S2), despite the lack of
visible sSRNAs on the PAGE gel in this sample (Fig. 2b).

Our phylogenetic analysis showed that oomycete Agol and
Ago3/4/5 homologs form two separate clades. Most likely, func-
tional diversification has occurred between members of the two
clades, which is perhaps in part reflected by the presence of con-
served catalytic tetrad amino acids only in Agol-type proteins.
The IP data indicate that PiAgo1, apart from having a gene regu-
latory function, is also involved in the silencing of a number of
TEs. This is illustrated by the identification of PiAgol-bound
20-22-nt sRNAs from the greatly expanded class of Gypsy LTR
transposons, and from Mutator and helENtron elements. By con-
trast, the shared action of PiAgol and PiAgo4 seems to silence
Copia LTRs and Helitron, Crypton and PiggyBac transposons.
Both 20-22-nt and 24-26-nt sSRNAs were produced from these
TEs, with the latter size class in the majority and co-purified with
PiAgo4. The TE mode of transposition is probably not a deter-
minant for sSRNA-PiAgo sorting, as retrotransposons and DNA
transposons were found to be similarly distributed between PiA-
gol and PiAgo4.

Clear functional subdivision between different Dcl/Ago pairs
is found in Drosophila, where DmDecrl generates miRNAs that
bind DmAgo1, and DmDecr2 produces siRNAs that load into
DmAgo2 (Tomari ez al., 2007). Four Ddl proteins in Arabidopsis
generate different sSRNA classes, which are channeled into ten dif-
ferent AtAgos based on sRNA size and 5’ nt identity (Bologna &
Voinnet, 2014). Phytophthora infestans has two Dcl proteins
(Vetukuri ez al., 2011a; Fahlgren ez al., 2013), and knockdown of
PiDclI disrupts the accumulation of 21-nt sRNAs (Vetukuri
eral., 2012). This observation, together with the results from the
present study, suggests a tight linkage between PiDcll, PiAgol
and 21-nt sRNAs.

Compared with DNA mutations, silencing at the transcrip-
tional level might allow a pathogen to re-employ an Avr gene and
regain virulence in a scenario in which the cognate R gene-
expressing host plant is not present (Gijzen ez al., 2014). sSRNA-
guided silencing of PsAvr3a in P.sojac leads to virulence on
Rps3a-expressing plants (Qutob eral, 2013). Virulence and
PsAvr3a silencing are inherited in the offspring in particular
crosses between virulent and avirulent isolates. The size profile of
the sRNAs identified from the silenced PsAvr3a locus is very sim-
ilar to the population of PiAgo4-bound sRNAs in our study, sug-
gesting that transgenerational gene silencing in P. sojae might be
mediated by this organism’s Ago4 homolog,.

Feedback regulation of Ago protein levels is known to occur in
plants and animals. Arabidopsis Agol homeostasis is regulated by
both siRNAs and miRNAs; miR168 guides AtAgol to cleave the
AtAgol mRNA, which induces siRNA production and reinforces
AtAgol self-silencing (Mallory & Vaucheret, 2009). Moreover,
both Arabidopsis and animal Ago proteins are regulated by
autophagy. Accumulation of mammalian Ago2 and Drosophila
Agol is dependent on miRNA availability, in such a way that
unloaded Ago is unstable (Smibert eral, 2013; Derrien &
Genschik, 2014). Whether or not such feedback regulatory loops

control the abundance of P.infestans Agos remains to be
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investigated. Highly abundant and uniquely sized 20-22-nt
sRNAs from the duplicated genes PiAgol and PiAgo2 and from
GFP were, however, observed in the PiAgol IP. The presence of
low levels of sSRNAs from PiAgol, PiAgo2 and GFPin the IP sam-
ples from PiAgo4 and PiAgo5 indicates that this SRNA accumu-
lation is a result of the presence of the Pidgol-GFP construct.
This is similar to sense cosuppression in plants: silencing of an
endogenous gene by the introduction of a homologous transgene
(Jorgensen, 1995). Large numbers of sSRNAs were also identified
from PiAgo4 in the highly overexpressing PiAgo4-GFP line.
These sRNAs, however, covered the whole 18-30-nt size span,
suggesting non-specific binding to PiAgo4. Possibly, both PiA-
go1-GFP and PiAgo4-GFP are silenced post-transcriptionally by
21-nt PiAgo1-bound sRNAs.

This study provides new insights into the PiAgo-mediated
sRNA silencing pathways in P. infestans. The results indicate that
PiAgol is a multifunctional protein involved in the regulation of
CRN effector-encoding genes, in TE control and in pin-
miR8788-directed gene silencing. The identification of 24-26-nt
transposon-derived sSRNAs as the main binding partners of PiA-
go4d implicates this protein in the repression of TE activity.
Endogenous gene regulation is apparently mediated by PiAgol,
PiAgo5 and 20-22-nt sRNAs. Our findings provide an impor-
tant platform for upcoming functional and mechanistic studies
of RNA silencing processes in P. infestans and of their impact on
host responses to this important plant pathogen.
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