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Introduction

Summary

o Although it is well known that miRNAs play crucial roles in multiple biological processes,
there is currently no evidence indicating that milRNAs from Fusarium oxysporum f. sp. lycop-
ersici (Fol) interfere with tomato resistance during infection.

e Here, using sRNA-seq, we demonstrate that Fo/-milR1, a trans-kingdom small RNA, is
exported into tomato cells after infection.

e The knockout strain AFol-milR7 displays attenuated pathogenicity to the susceptible
tomato cultivar ‘Moneymaker'. On the other hand, Fol-milR1 overexpression strains exhibit
enhanced virulence against the resistant cultivar ‘Motelle’. Several tomato mRNAs are pre-
dicted targets of Fol-milR1. Among these genes, Solyc06g007430 (encoding the CBL-
interacting protein kinase, SIlyFRG4) is regulated at the posttranscriptional level by Fol-milR1.
Furthermore, SIyFRG4 loss-of-function alleles created using CRISPR/Cas9 in tomato
(‘Motelle’) exhibit enhanced disease susceptibility to Fol, further supporting the idea that
SlyFRG4 is essential for tomato wilt disease resistance. Notably, our results using immunopre-
cipitation with specific antiserum suggest that Fol-milR1 interferes with the host immunity
machinery by binding to tomato ARGONAUTE 4a (SlyAGO4a). Furthermore, virus-induced
gene silenced (VIGS) knock-down SlyAGO4a plants exhibit reduced susceptibility to Fol.

e Together, our findings support a model in which Fol-milR1 is an SRNA fungal effector that
suppresses host immunity by silencing a disease resistance gene, thus providing a novel viru-
lence strategy to achieve infection.

Plants are exposed to many external stimuli, including abiotic
(e.g. drought, salinity, temperature) and biotic (e.g. microbes,

Fusarium oxysporum is a ubiquitous soil fungus that causes vascu-
lar wilt disease in > 100 plant species, including tomato (Pietro
et al., 2003; Ouyang ez al., 2014). Tomato wilt is one of the most
significant diseases affecting tomato production (Goswami &
Kistler, 2004). Fusarium oxysporum grows in the vascular bundles
in the plant host, from the parasitic phase to the saprophytic
phase when conidia are produced, leading to wilt symptoms of
the infected plants. Germination of dormant conidia in soil
results in adherence and invasion of plant roots by fungal hyphae.
The movement of hyphae from the host root cortex to the xylem
vessels is critical for disease progression, which is difficult to con-
trol and becomes a major threat to plant growth and tomato pro-
duction (Validov ez 4/, 2011b).

*These authors contributed equally to this work.
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nematodes, insects) stresses (Jones & Dangl, 2006; Atkinson &
Urwin, 2012). Recognition of microbe-associated molecular pat-
terns (MAMPs) by plant pattern-recognition receptors (PRRs)
leads to pattern-triggered immunity (PTI) in plants. Pathogens
have evolved secreted effector proteins to undermine PTI. In
return, plants evolve disease resistance (R) proteins, such as
nucleotide-binding leucine-rich repeat (NB-LRR)-type receptor-
like proteins, to directly or indirectly recognize the presence or
action of specific effectors, and to activate effector-triggered
immunity (ETI), which is well known as the second layer of the
immune response (He et al., 2007; Boller & Felix, 2009; Boller
& He, 2009).

Small RNAs (sRNAs) are noncoding single-stranded RNAs
that are 20-30 nucleotides in length (Huang ez al, 2019). Micro
RNAs (miRNAs) are a class of sRNAs that originate from the
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primary miRNA transcripts (pri-miRNAs) transcribed by RNA
polymerase II (Pol II). The single-stranded pri-miRNAs are pro-
cessed into precursor miRNAs (pre-miRNAs) and exported by
RNA-dependent RNA polymerases (RDR). Pre-miRNAs are
then sliced into sSRNA duplexes by Dicer-like (DCL) proteins.
One strand of the sSRNA duplex is incorporated into Argonautes
(AGOs) to form RNA-induced silencing complexes (RISCs).
Finally, RISC complexes repress the expression of target genes via
cleavage of transcripts, inhibition of translation or DNA methyla-
tion (Baulcombe, 2004; Baldrich & San Segundo, 2016; Feng
et al., 2021).

RNA interference (RNAI), triggered by small RNAs (sRNAs)
such as small interfering RNAs (siRNAs) and miRNAs, is a well
characterized mechanism for modulation and fine-tuning of plant
immunity genes (Ruiz-Ferrer & Voinnet, 2009; Katiyar-Agarwal
& Jin, 2010; Schwessinger & Ronald, 2012). Plant endogenous
siRNAs and miRNAs (e.g. miR393 and miR863 in Arabidopsis,
miR482 and miR5300 in tomato) have been shown to regulate
genes important for plant defense during the response to
pathogens (Navarro ez al., 2006; Ouyang et al., 2014; Niu ez al.,
2016). Many pathogens of plants and animals secrete small
molecules (e.g. nutrients, proteins, nucleic acids) during infection
(Horbach et al, 2011). In pathogens, effector proteins are
secreted into their host plants to suppress innate immunity in
order to promote successful infection (Stergiopoulos & de Wi,
2009; Kombrink & Thomma, 2013; Asai & Shirasu, 2015). The
first reported pathogen-derived sRNAs functioning as ‘RNA
effectors’ were discovered in the fungal pathogen B. cinerea
(Weiberg ez al., 2013). Botrytis cinerea delivers sSRNAs into Ara-
bidopsis and tomato to perturb the host immune signaling path-
ways. Be-siRNAs were shown to associate with plant Argonaute 1
(AGO1) protein to suppress host immunity, as well as to target
host plant mitogen-activated protein kinase transcripts during
infection (Weiberg ez al., 2013). The same team later showed that
Arabidopsis cells secrete exosome-like extracellular vesicles to
deliver sSRNAs into B. cinerea cells to silence genes crucial for
pathogenicity (Cai ez al., 2018). These findings demonstrate that
plants have adapted trans-kingdom RNAI as part of their host
immune responses during the evolutionary arms race with the
pathogen. Argonaute-4 (AGO4) is another major nuclear RNAi
component that, in contrast to AGO1, has been demonstrated to
regulate the disease-resistance response through DNA methyla-
tion, leading to increased plant defense (Bhattacharjee et al,
2009; Katiyar-Agarwal & Jin, 2010).

Since these discoveries in B. cinerea, sSRNAs have been impli-
cated as effectors in other pathogen or parasite—plant interactions.
For example, Ps#milR1, a microRNA-like (milRNA) gene from
Puccinia striiformis £. sp. tritici (Pst), represses the host immune
response by suppressing expression of a wheat pathogenesis-
related gene (B. Wang ¢t al., 2017). Consistent with the action of
Be-siRNAs, PstmilR1 may also be exported as an RNA effector
to impair the host immune defense response (B. Wang ez al,
2017). Intriguingly, in contrast to the horizontal transfer of
sRNA from pathogen to plant, it has recently been shown that
the parasitic plant Cuscuta campestris delivers specific 22-nt
miRNAs (Ce-miRNAs) to an  Arabidopsis host. Several
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Arabidopsis mRNAs are targeted, triggering production of
endogenous secondary siRNAs (Shahid ez 4/, 2018). These stud-
ies suggest that both fungi and parasitic plants can use a trans-
kingdom sRNA mobility strategy to impair the host innate
immune system to achieve success during infection.

Calcium (Ca*") isa ubiquitous secondary messenger that func-
tions during the response to abiotic/biotic stresses and develop-
mental processes in plants. Calcineurin B-like proteins (CBLs)
act as the major Ca®" sensors by interacting with CBL-interacting
protein kinases (CIPKs) to form a CBL-CIPK signaling network
(McAinsh & Pittman, 2009; Dodd et a4l., 2010). CIPK family
members regulate reactive oxygen species (ROS) production dur-
ing ETI and PTT through a vital connection between Ca*" and
ROS signaling under biotic stress conditions (Steinhorst &
Kudla, 2013; Liu ez al., 2018; Tang ez al., 2020).

Here, we investigate roles for the RNA interference (RNAi)
machinery in tomato wilt disease defense. Two near-isogenic
tomato cultivars, ‘Moneymaker (susceptible, i-2/7-2) and
‘Motelle’ (resistant, /-2/1-2), were used. The /-2 gene of tomato
confers resistance to the race 2 strain of Fusarium oxysporum f. sp.
bycopersici (Fol) (Simons ez al., 1998). The /-2 locus encodes a
coiled-coil (CC) NB-LRR protein that recognizes the Avr2 effec-
tor from Fol/ (Houterman ez al., 2009). We evaluated the ability
of a potential sSRNA effector, Fo/-milR1, to be transferred from
Fol to a tomato host plant during infection. We investigated the
role of Fo/-milR1 in pathogenicity of Fol, including how Fol-
milR1 regulates the tomato target gene SHFRG4 (encoding the
CBL-interacting protein kinase), and impairs host immunity by

binding to ARGONAUTE 4a (SlyAGO4a).

Materials and Methods

Plant materials, fungal inoculation, measurements of Fol
biomass and grading of tomato wilt disease

Two previously described near-isogenic tomato cultivars, suscep-
tible ‘Moneymaker’ (MM, 72/72) and resistant ‘Motelle’ (Mot,
12/12), were employed in this study (Ji er 4/, 2018a; Ouyang
et al., 2014). Tomato seedlings were grown in long-day condi-
tions (16 h : 8 h, light : dark photoperiod, at 25°C, 65% humid-
ity, and with a photon flux density 40 pmolm *s~'). Two-
week-old seedlings were inoculated for all experiments.

The pathogenic fungal strain is Fusarium oxysporum f. sp lycop-
ersici (race 2) (Fol), strain FGSC 9935. Fol was grown on potato
dextrose agar medium (PDA) for 7 d at 28°C in constant light.
Spore suspensions were prepared by harvesting cultures in
Vogel’s minimal medium (Vogel, 1956) at a concentration of
10% spores ml™". Tomato seedlings were removed from soil, and
roots were inoculated with Fol spores for 30 min. Water treat-
ment was used as a mock control. All experiments were con-
ducted using three biological replicates.

To assess the relative levels of Fol/ biomass in tomato leaves,
genomic DNA was isolated from tomato leaves using cetyl-
trimethyl-ammonium bromide CTAB (Huang ez a/., 2000). The
rDNA intergenic spacer region (IGS) of Fol was amplified from
genomic DNA using qPCR (primers listed in Supporting

© 2021 The Authors
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Information Table S1: /GS1049/IGS1050), and used as a marker
to assess relative fungal biomass (Validov ez al., 2011a).

The severity of tomato fungal wilt disease was empirically cate-
gorized into five grades during pathogen invasion: 0, healthy
plants (no visible wilting or yellowing symptoms); 1, cotyledon
wilted or dropped off; 2, 30-50% of the true leaves wilted or
dropped off; 3, 50-80% of the true leaves wilted or dropped off;
and 4, all leaves dropped off or death of the entire plant. Disease
grades were scored at 14 d post-inoculation (dpi) with Fo/ or
water, using 10 individual plants for each treatment (Fig. S1).

Construction of RNA-Seq libraries and analysis

Two-wk-old tomato seedlings were infected with either mock
(water) or Fol for 24 h. Three biological replicates were used,
with 20 seedlings for each treatment. The roots were rinsed
briefly and then frozen immediately in liquid nitrogen. Total
RNA was extracted using the TRIzol reagent (cat. no. 155960265
Life Technologies) according to the manufacturer’s recommenda-
tions. For each Illumina library, 1 g total RNA was used,
according to the manufacturer’s instructions. The libraries were
subsequently sequenced using the Illumina HiSeq™ 2000
(Biomarker Technologies, Rohnert Park, CA, USA).
Approximately 60 Mb of raw reads were obtained from each
library and then subjected to quality control (QC). After QC,
raw reads were filtered into clean reads (18-30 nt sRNAs). All
sequence reads were trimmed to remove the low-quality
sequences. The sequence data were subsequently processed using
in-house software tool SEQQC v.2.2. Housekeeping small RNAs,
including ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), and small nucleolar RNAs
(snoRNAs) were removed by blasting against GenBank (http://
www.ncbi.nih.gov/Genbank) servers. The trimmed reads were
then aligned to the Fusarium oxysporum reference genome using
TorHaT v.2.0.0 and BowTiE v.0.12.5 (Maji et al, 2014) with
default settings. The expression levels of miRNAs were normal-
ized to the reads per million (rpm) value for each individual

library.

SRNA gel blotting, quantitative real-time PCR and 5’'RLM-
RACE assay

For high molecular weight RNA gel blots, 40 pg of total RNA
was separated on 7 M urea/15% denaturing polyacrylamide gels
in Tris/Boric Acid/EDTA (1x TBE) and subsequently trans-
ferred to a nylon N+ membrane. miRNA-specific oligonucleotide
probes (Table S1) were end-labeled using (y-32P)ATP (cat. no.
M0201; New England Biolabs, Ipswich, MA, USA; oligonu-
cleotide probes were labeled according to the manufacturer’s rec-
ommendations). Blots were stripped and re-probed using a U6
RNA oligonucleotide probe to provide a loading control. All
blots were imaged using a PhosphorImager (Molecular Dynam-
ics/GE Life Sciences, Pittsburgh, PA, USA) (Ouyang er al,
2014).

For the Fo/-milR1 stem loop reverse transcriptase-polymerase
chain reaction (RT-PCR),

mature Fol/-milR1 was reverse

© 2021 The Authors
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transcribed from 1 pg of total RNA using the TagMan Small
RNA Assay kit (cat. no. 4398987; Life Technologies) according
to the manufacturer’s recommendations (Table S1, Fol-
milR1_RT) (Varkonyi-Gasic e 4l., 2007). Real-time quantifica-
tion of miRNAs was performed as described previously (Chen
et al., 2005; Feng ez al., 2009). Diluted cDNA was used as the
template for quantitative RT-PCR (cat. no. 1708880; Bio-Rad),
using 18s rRNA as the internal control (Table S1, FolmilR1_F/
Universal_R, S/_18S-rRNA-F/S/_185-rRNA-R). Differential
expression of genes was calculated using the 27**“T method
(Livak & Schmittgen, 2001).

The 5'RACE assay was performed using the FirstChoice
RLM-RACE kit (cat. no. AM1700; Thermo Scientific, Waltham,
MA, USA). The PCR fragments (Table S1, 5' RACE-OUTER)
obtained from 5'RACE were inserted into the pMD18-T vector
(cat. no. 6011; Takara, Kusatsu, Japan), and individual clones
were selected for DNA sequencing.

Isolation of total RNA from tomato root protoplasts

Isolation of tomato root protoplasts has been described previ-
ously (Ouyang et al., 2021). Briefly, the roots of 2-wk old tomato
seedlings infected with Fo/ or water (mock) for 24 h were col-
lected and sliced. Sliced roots were immersed in an enzyme solu-
tion (3% cellulase R10 (Yakult Honsha, Tokyo, Japan), 1.5%
macerozyme R10 (Yakult Honsha), 1% hemicellulase (Yakult
Honsha), 0.4 M mannitol, 20 mM KCl, 20 mM MES, pH 5.7)
under vacuum for 30 min. Then, samples were incubated for
20 h at 28°C in the dark with gentle shaking (40 rpm on a plat-
form shaker). The protoplast solutions were filtered using a
40 pm nylon mesh Falcon filter to remove undigested root mate-
rial. The flow-through solutions were centrifuged at 376 gat 4°C
for 5 min to pellet the protoplasts. Total RNA was then isolated
from protoplasts using the TRIzol reagent according to the man-
ufacturer’s recommendations.

Construction of Fol-milR1 knockout, site-mutated and
overexpression strains

Fol-milR1 knockout (KO)/overexpression (OE) mutants and
complemented strains were generated by using the split-marker
approach previously described by our laboratory (Li et al,
2019a). Briefly, for Fo/-milR1 knockout vector construction, the
upstream flanking sequence, downstream flanking sequence of
pre-Fo/-milR1 and HPH cassette were amplified and purified,
followed by transformation into protoplasts of the wild-type
strain (Table S1: primers FolmilR1 (KO)-1F/FolmilR1 (KO)-
2R, Fol-milR1 (KO)-3F/FolmilR1 (KO)-4R). Transformants
with the desired genetic changes were identified using site-
specific primer pairs (Table S1: primers FolmilR1 (KO)-1F/Fol
milR1 (KO)-HY/R, FolmilR1 (KO)-5F/FolmilR1 (KO)-8R).
For the construction of Fo/-milR1 overexpression and comple-
mentation vectors, the entire sequence of pre-Fo/-milR1 was
inserted under the control of the RP27 constitutive promoter.
The fragment was amplified and transformed with Xhol-digested
pYF11 (which confers geneticin resistance) into Saccharomyces

New Phytologist (2021) 232: 705-718
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cerevisiae strain XK1-25 and the final vector was assembled using
the yeast gap repair approach (Table S1: primers Fol
milR1_CE_F1/Fol-milR1_CE_R1) (Li et al., 2019b). The over-
expression and complementation constructs were then trans-
formed into protoplasts of Fo/ and the Fo/-milR1 knockout
strain, respectively.

To generate the Fo/-milR1 site-mutated (SM) strain, six ran-
dom nucleotides were introduced into the Fo/-milR1 mature
region (indicated in Fig. 2d) (Table S1: primers FolmilR1 (SM)-
1F/FolmilR1 (SM)-1R, FolmilR1 (SM)-3F/FolmilR1 (SM)-
4R). Upstream and downstream fragments were obtained by
PCR with overlap in the Fo/-milR1 mature region. Both frag-
ments were transformed into yeast strain XK725 and assembled
using yeast gap repair followed by construction of a site-mutated
plasmid using the pYF11 vector. Fo/-milR1 site-mutated strains
were generated by transformation of the construct into Fo/ proto-
plasts, as described for the complementation construct above,
and verified by sequencing the mutated region.

Co-expression of Fol milRNAs and predicted mRNA target
genes in Nicotiana benthamiana leaves

To verify the target of FolmilR1 in the tomato genome, we
performed  Agrobacterium-mediated  transient
experiments in V. benthamiana, as described previously
(Ouyang er al, 2014). Briefly, FolmilR1 and each of its pre-
dicted target genes were inserted into vector GATEPEG100. All

constructs were transformed into Agrobacterium tumefaciens

co-expression

strain GV3101. Transformed A. tumefaciens cultures were grown
in liquid Luria—Bertani culture medium with selection followed
by co-injection into N. benthamiana leaves. In order to inhibit
transgene-induced gene silencing, vector pPBAR-p19BS, contain-
ing the TBSV silencing suppressor p19, was co-infiltrated (gen-
erously provided by Prof. Xiao-Ming Zhang from the Institute
of Zoology, Chinese Academy of Sciences) (Lakatos et al,
2004). After 36-48h, the injected leaves were harvested and
used for detecting mRNA and protein levels of the target genes,
as well as the cleavage sites.

Generation of SIyFRG4 loss-of-function alleles

The CRISPR/Cas9 (Clustered regularly interspaced short palin-
dromic repeats/ CRISPR-associated 9) system was used to gener-
ate a SlyFRG4 knockout in the resistant tomato cultivar ‘Motelle’
as described previously (Gao ez al., 2020). Briefly, two adjacent
sgRNA target sites within the open reading frame (ORF) of
SlyFRG4 were selected (Naito ez al., 2015) for insertion into the
one-step binary vector pTX041 using the Golden Gate assembly
method (Deng ez 4l., 2018) (Table S1: primers SlyFRG4_V_F/
SYFRG4_V_R, SlyFRG4_41_F/SlyFRG4_41_R). The final con-
struct was introduced into ‘Motelle’ plants using A. tumefaciens-
selected on
medium containing hygromycin B (Du ez 4/, 2017). Nontrans-
genic SlyFRG4 loss-of-function homozygous lines were identified

mediated transformation. Transformants were

in T1 progeny obtained by self-pollination. Polymerase chain
reaction-based genotyping was carried out on isolated genomic
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DNA from the T1 progeny, followed by sequencing of genomic
DNA using primers flanking both sgRNA target sites (Table S1:
SWFRG4_Seq_F1/SlyFRG4_Seq_R2).
plants containing the putative loss-of-function alleles were identi-
fied and employed for downstream phenotypic analysis.

primers Homozygous

Virus-induced gene silencing constructs and phenotype
assessment

Virus-Induced Gene Silencing (VIGS) was utilized to suppress
expression of SHAGO genes in the susceptible cultivar ‘Money-
maker’ using TRV-based vectors (pTRV1 and pTRV2) (Ouyang
et al., 2014). Briefly, the 3-UTR of each ShAGO gene was ampli-
fied using gene-specific primers and cloned into the pTRV2 vec-
tor (Table S1). Vectors for silencing of the phytoene desaturase
(PDS) gene were used as a positive control (Ma ez al., 2015).
Four weeks after infiltration of the vector in cotyledons, the tran-
script levels of the S/AGOs were measured using quantitative
real-time polymerase chain reaction (QRT-PCR) for individual
VIGS plants. The same plants were then infected with Fo/ or
water for phenotypic analysis. Disease symptoms of VIGS plants
were assessed after a further 2 wk.

AGO protein immunoprecipitation (IP) and the
construction of RNA-IP libraries

The open reading frames for SHAGO4a and SHAGOI were
amplified from tomato cDNA using specific primers and cloned
into the pMAL-c2X vector (New England Biolabs). SIyAGO4a
and SlyAGO1 were expressed as N-terminal maltose binding
protein (MBP) fusions in Escherichia coli strain K12 ER2508
(cat. no. E4127; New England Biolabs), with induction using
300 uM IPTG (isopropyl B-D-1-thiogalactopyranoside; cat. no.
15502; Sigma-Aldrich) and the fusion protein purified from cell
extracts using an amylose resin according to the manufacturer’s
(New England Biolabs).
antiserum specific for each fusion protein was raised in rabbits by
Cocalico Biologicals, Inc. (Stevens, PA, USA).

Small RNAs were purified by immunopurification of
SIlyAGO complexes as described (Qi & Mi, 2010). Briefly, 10 g
of roots collected at 24 h after infection with Fo/ were ground
into a fine powder under liquid nitrogen, and then homoge-
nized in 10 ml of extraction buffer (20 mM Tris-HCI (pH?7.5),
300mM NaCl, 5mM MgCl,, 5mM dithiothreitol (DTT),
with one tablet of complete EDTA-free Protease Inhibitor
Cocktail (cat. no. 4693132001; Roche). After spinning, the
protein lysate was aliquoted into quantities of 20 pl, for use as
input samples for Western blot, and 5 pl, for use as a loading
control. 10 pl SIyAGO antibody was added to the extract, fol-
lowed by incubation at 4°C for 4 h. Protein A agarose beads

A polyclonal

recommendations

were then added to each sample, and incubation continued for
4h. After incubation, the protein A beads were collected by
spinning and washed three times (10 min each) with 1 ml wash-
ing buffer (20 mM Tris-HCI (pH 7.5), 300 mM NaCl, 5 mM
MgCl,, 5mM DTT, 0.5% Triton X-100, one tablet of com-
plete EDTA-free Protease Inhibitor Cockrail). The washed

© 2021 The Authors
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beads were resuspended in 200 pl of washing buffer, and then
aliquoted into quantities of 20 pl, for use as as pull-down sam-
ples for Western blot, and 5 pl for use as a loading control. For
detection of proteins in IP, the washed beads were boiled in 20
ul 2XSDS-loading buffer and resolved in 12.5% sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) gel.
Small RNAs were extracted from the immunoprecipitated
SlyAGO complex using the TRIzol reagent and used for small
library construction. The libraries were subsequently sequenced
and analyzed as described above.

Results

Fol-milR1 is exported into tomato cells after host infection

This study was initiated by generating four sRNA libraries
using roots of the susceptible tomato cultivar ‘Moneymaker’
and the resistant cultivar ‘Motelle’ root with or without infec-
tion by Fusarium oxysporum f. sp. lycopersici (Fol) (Fig. la).
Next generation sequencing (NGS) profiling of sRNAs from
these libraries revealed seven novel sSRNAs that were identical
in sequence to Fusarium oxysporum miRNA-like RNAs (Fol
milRNA), among which Fo/milRl1 was the most abundant
(Tables 1, S2). Northern blot and qRT-PCR analysis showed
that Fo/-milR1 accumulated to readily detectable levels in both
infected tomato cultivars (Figs 1b,c, S2). Notably, Fo/-milR1
was significantly more abundant in ‘Moneymaker’ than in
‘Motelle’ (Fig. 1b,c). The other candidate miRNAs (Fo/-milR2,
Fol-milR3, Fol-milR4, Fol-milR5, Fol-milR6 and Fol-milR7)
were not detected, presumably due to low abundance (data not
shown; Fig. 1b).

The presence of a milRNA in the library could result from
expression and retention in Fo/ or due to export into, and reten-
tion in, the plant host cells. We explored the possibility that Fol
milR1 was exported from Folinto tomato cells by generating pro-
toplasts of mock and Folinfected tomato roots. By utilizing the
differences between plant wall components (cellulose, hemicellu-
lase, and pectin) and fungal cell components (chitin and glucans),
plant protoplasts were produced by specifically digesting the
plant cell wall with cellulase, macerozyme and hemicellulase
(Bowman & Free, 2006; Cai & Jin, 2021). Two controls were
used to rule out the possible contamination of tomato root proto-
plasts with Fo/ cells: Fol total RNA as a positive control and Fo/
digested with cellulase, macerozyme and hemicellulase as a nega-
tive control. We extracted total RNA from tomato root proto-
plasts, followed by qRT-PCR analysis. The results indicated that
Fol-milR1 was detected in both infected ‘Moneymaker’ and
‘Motelle’ cells, but not in protoplasts from mock-treated plants
(Fig. 1d). We also extracted genomic DNA from digested sam-
ples inculding tomato roots and Fo/ mentioned above, and
checked the relative levels of fungal ribosomal intergenic spacer
region (IGS) amplified from genomic DNA correlates with Fo/
biomass in Fol, Fol protoplasts or tomato root protoplasts, respec-
tively, using qQPCR with specific primers. The results showed that
Folbiomass was only detected in Fo/, but not in either Fo/ proto-
plasts or tomato protoplasts (Fig. le). These findings are

© 2021 The Authors
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consistent with export of Fo/-milR1 into the host plant cell after
infection with the pathogen.

Fol-milR1 is essential for the pathogenicity of Fo/

As an sRNA that is 23 nucleotides (nts) in length, Fo/-milR1
is unique, and it is derived from a pre-miRNA-like stem-loop
structure of canonical appearance, in which the Fo/milR1
sequence occupies one side of the predicted stem (Fig. 2a).
To assess whether Fo/-milR1 is required for pathogenesis of
Fol, we used a gene replacement construct strategy to delete
(Fig. S3) or overexpress Fol-milR1. Three knockout mutants
(Fol-milR1-KO#63, #104 and #108) and several overexpres-
sion strains (Fo/-milR1-OE#7, #10, #11, #12, #14, #16 and
#22) were confirmed by Northern blot (Fig. 2b). The relative
levels of Fol-milR1 in Fol-milR1-KO#63, #104 and #108
strains and Fo/-milR1-OE_#10, #12 and #22 strains were also
checked using stem-loop qRT-PCR (Fig. S4) and carried for-
ward for experiments. Knockout or overexpression of Fol-
milR1 did not significantly alter growth or colony morphol-
ogy of Fol under a variety of stress conditions (Fig. S5). The
KO, OFE and SM mutant lines of Fo/ did not impair spore
production (data not shown). The six strains were used to
infect the resistant cultivar ‘Motelle’ and the susceptible culti-
var ‘Moneymaker’. The Fo/l-milR1-KO#63, #104 and #108
knockout strains exhibited attenuated pathogenesis in ‘Money-
maker’ seedlings, supported by observations of a lower grade
of wilt disease symptoms compared to wild-type Foltreated
‘Moneymaker’ (Fig. 2¢,f). By contrast, Fo/-milR1-OE#10, #12
and #22 overexpression strains caused obvious wilt disease
symptoms in ‘Motelle’ plants, supported by observations of a
higher grade of wilt disease symptoms compared to wild-type
Foltreated ‘Motelle’ (Fig. 2¢,f). These results are consistent
with a positive role for FolmilR1l in pathogenesis towards
tomato.

To further evaluate the pathogenicity of Fo/-milR1, we gener-
ated site-mutated Fo/ strains Fo/-milR1-SM#9 and Fo/-milR1-
SM#13 (Fig. 2d). The introduced mutations were confirmed by
sequencing. After inoculation of ‘Motelle’ and ‘Moneymaker’
with wild-type Fo/ and both mutated strains, we observed
impaired infection of the susceptible ‘Moneymaker” supported by
staining for the presence of the fungus within the plant stem, fun-
gal mycelium regeneration and lower wilt disease grade compared
to wilt pathogen treated ‘Moneymaker’, while ‘Motelle’ was
unchanged relative to infection with wild-type Fo/ (no disease
symptoms). These findings correlate with those obtained for the
FolmilR1 knockout mutants FolmilR1-KO#63, #104 and #108
(Fig. 2e,g). Based on these results, we conclude that Fo/-milR1 is
a critical pathogenic factor responsible for impaired tomato
defense against Fol.

Fol-milR1 regulates the SIlyFRG4 target gene in host plants

We next combined compurtational prediction (psRNATarget al-
gorithm (Dai et al, 2018)) with Agrobacterium-mediated tran-
sient co-expression experiments in N. benthamiana to identify the
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Table 1 Detection of seven small RNAs from Fol in infected tomato plants
using RNA-sequencing.

miR_name MM_H,O MM _Fol Mot_H,O Mot_Fol
Fol-milR1 9 3322 23 1612
Fol-milR2 0 8 0 6
Fol-milR3 0 23 0 0
Fol-milR4 0 15 0 0
Fol-milR5 0 5 0 0
Fol-milR6 0 8 0 0
Fol-milR7 0 10 0 0

MM, Moneymaker; Mot, Motelle.

tomato genes targeted by the imported Fo/-milR1 (Table S3).
Among the predicted genes, Solyc06g007430 (encoding a CBL-

interacting protein kinase, termed Fusarium resistance gene 4,

New Phytologist (2021) 232: 705-718
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SFRG4) was regulated at the transcriptional level in both
‘Moneymaker’ and ‘Motelle’ after Fo/ infection (Fig.3a). To
determine whether Fo/milR1 regulates SpFRG4 expression, we
conducted an Agrobacterium-mediated transient co-expression
experiment in V. benthamiana (Ouyang et al, 2014). Quantitative
real-time polymerase chain reaction results showed that the
mRNA level of S)FRG4 was significantly reduced in the presence
of FolmilR1 (Fig. 3b). Western blot assays using an anti-GFP
antibody demonstrated that SlyFRG4 protein was greatly down-
regulated in the presence of Fo/-milR1 (Fig. 3¢c). Green fluorescent
protein was not detected in control infiltration experiments of
Agrobacterium with the empty vector and the p19-construct alone,
respectively (data not shown). These results are consistent with
Fol-milR1 acting to decrease levels of the SlyFRG4 transcript. 5-
RNA ligase-mediated rapid amplification of cDNA ends (5RLM-

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation
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RACE) analysis further showed the mRNA cleavage site occurred
at nucleotide 943 of the S[FRG4 coding region in 8 out of 12
clones (Figs 3d, S6 shows sequencing for clones highlighted in
red). Together with our previous findings, these results support a
scenario in which Fo/milR1 is exported into tomato cells to

silence the host gene SHFRG4.

SlyFRG4 is required for wilt disease resistance in tomato
We hypothesize that Fol/ exports miRNAs to facilitate fungal

pathogenesis and achieve plant colonization. To characterize the

© 2021 The Authors
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functions of SlyFRG4 in response to Fol infection, we generated
CRISPR/Cas9 SHFRG4 loss-of-function (LOF) alleles in the
resistant ‘Motelle’ cultivar (Deng ez al, 2018) (Fig. 4a). Two
transgenic plants, termed SlyFRG4-KO-Line 12 and 23, carrying
1- and 2-nucleotide deletions respectively, were identified
(Fig. 4b). We then inoculated the SlyFRG4-LOF-allele lines and
‘Motelle’ and ‘Moneymaker’ control plants with Fol. Both of the
SlyFRG4-LOF-allele lines exhibited severe wilt symptoms in
leaves relative to resistant cultivar ‘Motelle’, while presenting phe-
notypes similar to the treated ‘Moneymaker’ seedlings (Fig. 4c—
e). SlyFRG4-LOF alleles also accumulated more Fo/ biomass and

New Phytologist (2021) 232: 705-718
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electrophoresis (SDS-PAGE) gels and blotted onto nitrocellulose membranes (top panel). A duplicate gel was Ponceau S-stained as a loading control
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SlyFRG4 contains one single large exon.

higher wilt disease symptom than ‘Motelle’ controls. These
results further confirm that SlyFRG4 is essential for resistance to
tomato wilt disease.

Fol-milR1 mediates host immunity through association
with SlyAGO4a

It has been well documented that ARGONAUTE proteins
(AGOs) mediate small-RNA-induced-gene-silencing events by
forming a core constituent of the silencing effector RISC interact-
ing with various partners, such as Dicer, TRBP and GW182 fam-
ily proteins (Carmell ez al, 2002; Baumberger & Baulcombe,
2005; Chen er al., 2014). Bozrytis cinerea sSRNAs hijack the host
RNAi machinery by binding to Arabidopsis AGO1 to mediate
host immunity (Weiberg ez al., 2013).

To further investigate whether SlyAGOs are essential for
tomato wilt disease, we utilized the VIGS approach to knock
down each predicted SHAGO gene in the tomato genome in the
susceptible cultivar ‘Moneymaker’. After inoculating with Fol,
VIGS-SlyAGO4a plants showed the greatest decrease in disease
susceptibility of all VIGS-SIyAGO plants tested (Table S4;
Fig. $7).

We have shown that Fo/-milR1 is a novel sSRNA effector that is
23 nts in length. This sSRNA structure is proposed to serve as the
passenger strand for the 24 nt guide siRNAs that become stably
associated with AGO4 in Arabidopsis (Singh ez al, 2019).

New Phytologist (2021) 232: 705-718
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SlyAGO4a shares 74.8% amino acid identity with Arabidopsis
AtAGO4 (Fig. S8).

To test our hypothesis that Fo/-milR1 associates with
SlyAGO4a in tomato, we first overexpressed and purified the
SlyAGO4a and SlyAGOL1 proteins from E. coli and then used the
purified proteins to generate a polyclonal antiserum in rabbits
(see ‘AGO protein immunoprecipitation (IP) and the construc-
tion of RNA-IP libraries’ in the Materials and Methods section).
The antisera reacted with species of the predicted sizes of the two
proteins in extracts from tomato leaves and roots (Fig. S9a). We
determined that SlyAGO4a did not bind to any potential Fo/
AGO proteins, in spite of possessing the highly conserved PAZ
and PIWI domains found in fungal AGO proteins (Fig. $9a)
(Fang & Qi, 2016). To determine whether Fo/-milR1 can associ-
ate with tomato AGO4a or AGO1, we performed immunopre-
cipitation (IP) experiments using each polyclonal antibody with
extracts prepared from Folinfected tomato roots collected at 24 h
after inoculation (Fig. 5a). Total RNAs were extracted from the
immunoprecipitates, followed by qRT-PCR using Fo/-milR1
specific primers. Fo/-milR1 was clearly detected in the
SlyAGO4a-associated fraction from both infected ‘Moneymaker’
and ‘Motelle’ samples (Fig. 5a), but only faint bands were visible
in mock or SlyAGO1-associated fractions (Fig. S9b). We further
constructed two sRNA libraries using material immunoprecipi-
tated from extracts prepared from ‘Moneymaker’ and ‘Motelle’
infected with Fo/ using the SlyAGO4a polyclonal antiserum. A

© 2021 The Authors
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miRNA termed novel-m0003-3p, corresponding to Fo/-milR1,
was detected in the SlyAGO4a-IP sample (Fig. 5b; Tables 2, S5).
These results support a physical interaction between Fo/-milR1
and AGO4a in tomato.

Subsequent analysis of the VIGS-SAGO4a tomato seedlings
showed that they displayed significantly greater disease resistance
in response to Fo/ relative to the susceptible ‘Moneymaker’ culti-
var (Fig. 5¢). The infected VIGS-SHAGO4a tomato seedlings
showed a lower grade of wilt disease symptoms relative to the sus-
ceptible cultivar ‘Moneymaker’ (Fig. 5d). In total, 30 SHAGO4a-
VIGS plants were generated, and 25 of them exhibited reduced
disease susceptibility to Fol This result shows that SlyAGO4a is
required for the susceptibility of ‘Moneymaker’ towards Fol.
Taken together, these findings provide support for a mechanism
in which the enhanced resistance to Fol observed in SAGO4a-
VIGS ‘Moneymaker’ plants results from reduced association of
Fol-milR1 with SlyAGO4a, thus blocking Fo/-milR1 processing
and the suppression of host immunity during early infection.

Discussion

Plant pathogenic fungi such as B. cinerea, Magnaporthe oryzae
and Fusarium graminearum have been extensively studied as
model pathosystems to explore the molecular mechanism of

© 2021 The Authors
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pathogen—host interactions (Dean ez al., 2012). To achieve suc-
cessful host colonization, pathogens transmit many types of
macromolecules, the most prominent being effector proteins, to
suppress host innate immunity (Mendgen & Hahn, 2002; Kim
& Westwood, 2015). While protein effector-triggered immunity
in pathogen—host interactions has been well studied (Bigeard
et al., 2015; Li et al., 2016), the mechanisms underlying trans-
kingdom sRNA-mediated plant immunity remain elusive.

In this study, we identified a novel virulence strategy for Fo/to
achieve plant infection by exporting Fo/-milR1 as an sSRNA effec-
tor to silence a specific host resistance gene and suppress host
immunity. So far, only a few sRNAs, such as Be-siRNAs from B.
cinerea (Weiberg et al., 2013; M. Wang ez al., 2017), Pst-milR1
from P. striiformis (B. Wang et al., 2017), and com-miRNAs from
C. campestris (Shahid et al., 2018), were reported to be exported
from pathogens or parasitic plants to host plants during infection.
Silenced Ps+milR1 using the host-induced gene silencing (HIGS)
system in the wheat cultivar ‘Sull’ reduces the virulence of P.
stritformis (B. Wang et al., 2017). However, Arabidopsis plants
ectopically expressing Be-siRNAs using a plant artificial miRNA
vector display enhanced susceptibility to B. cinerea (Weiberg
et al., 2013). Our data showed that knockout or site-mutation of
Fol-milR1 attenuates the pathogenicity of Fol, while overexpres-
sion of Fol-milR1 enhances the virulence of Fol, leading to

New Phytologist (2021) 232: 705-718
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Fig. 5 Fol-milR1 associates with SlyAGO4a to suppress host immunity. (a) Association of Fo/-milR1 with SlyAGO4a during infection. SlyAGO4a was
immunoprecipitated (IP) from Fol-infected roots harvested at 24 h after inoculation using a SlyAGO4a polyclonal antibody. Total RNA was extracted from
the SlyAGO4a-IP fraction and used for stem-loop quantitative real-time polymerase chain reaction (qRT-PCR). (b) Novel-m0003-3p, homologous to Fol-
milR1, was detected in the SlyAGO4a-IP sample using sSRNA-sequencing. (c) SIlyAGO4a-VIGS plants exhibit reduced disease susceptibility to Fol compared
with the susceptible ‘Moneymaker'. In total, 30 SlyAGO4a-VIGS plants were generated, and 25 exhibited reduced disease susceptibility to Fol. phytoene
desaturase (PDS). TRV-silenced plants (TRV-PDS) and TRV-vector plants were used as positive controls for silencing. (d) Disease grades for Fol infection
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according to the Chi-square test (*, P <0.05). Error bars represent the SD of three replicates. MM, cv Moneymaker; Mot, cv Motelle; PDS, phytoene
desaturase; VIGS, virus-induced gene silencing.
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obvious wilt disease symptom in the resistant cultivar ‘Motelle’.

r- Therefore, we concluded that Fo/-milR1 may function as a criti-
- cal sSRNA effector by contributing directly to pathogenicity to
- overcome host defense responses.

It is well known that miRNAs are a class of negative post-

transcriptional regulators of their target genes. The trans-

kingdom sRNAs from pathogens or parasitic plants target the
coding regions of resistant genes in their hosts. Intriguingly, our
1 data demonstrated that Fo/-milR1 regulates the expression of host
tt wilt disease resistance gene S[yFRG4 at the posttranscriptional
level. Previously, tomato endogenous miRNAs miR482e-3p and
— i miR5300 were reported to be repressed under Folinfection, lead-
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ing proteins (IVBS-LRRs), which are essential disease resistance
genes in plants (Ouyang ez al., 2014; Ji et al., 2018b; Gao ez al.,
2020). Our results show that SFRG4 was suppressed by Fol
infection in both cultivars (Fig. 3a). We further verified that Fol
milR1 targeted SHFRG4 by the transient co-expression experi-
ments in N. benthamiana (Fig. 3b—d). The SFRG4 loss-of-
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detected in B. cinerea dell or del2 single mutants, but not in a

~ miRDeep2
score
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Hairpin_ length
strand  (nt)
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+
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end
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dclldcl2 double mutant, with significantly reduced fungal viru-

Genomic

id
5
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13
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lence (Weiberg er al., 2013). In a subsequent study, transgenic

tomato and Arabidopsis expressing sRNAs targeting B. cinerea
DCL transcripts display resistance to pathogen infection (Wang
et al., 2016). Recently, Hpa-siRNAs from the pathogen Hyaloper-
onospora arabidopsidis were found to employ the host Arabidop-
sis’s Argonaute 1 (Ar”AGO1)/RNA-induced silencing complex for
virulence. Furthermore, a novel CRISPR endoribonuclease Csy4/

Hairpin
id
novel-
novel-
novel-

id
mO0001-5p  mO0001
novel-

m0004-3p  mO0004
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Table 2 Detection of novel small RNAs from the SlyAGO4a-IP sample using sSRNA-sequencing.

Mature
novel-
novel-
novel-
novel-

© 2021 The Authors New Phytologist (2021) 232: 705-718
New Phytologist © 2021 New Phytologist Foundation www.newphytologist.com



GUS reporter was developed to visualize Hpa-siRNA-induced
target suppression in Arabidopsis i situ (Dunker et al., 2020).

So far, several AGO proteins have been identified in Ara-
bidopsis, among them, AGO1 predominates in the miRNA
pathway (Morel ez al., 2002; Qi ez al., 2005), and AGO4 plays
redundant roles in repeat associated siRNA (rasiRNA) accumu-
lation and DNA methylation, as well as transcriptional gene
silencing (TGS) at specific genomic loci (Zilberman ez al., 2003;
Qi et al., 2006). Here, we report that FolmilR1 downregulated
SlyFRG4 levels after being transferred into the host plant. We
do not have evidence that FolmilR1 directly associates with
SlyAGO4a to induce transcriptional gene silencing of SHFRG4
in N. benthamiana. However, our observation of FolmilR1 asso-
ciating with SlyAGO4a, but not with SlyAGO1, using sSRNA-IP
in tomato, leads us to propose the involvement of FolmilR1 in
at least two different sSRNA silencing pathways. On the other
hand, there is no guarantee that findings from a transient
heterologous expression experiment hold true in the natural sys-
tem; it is possible that Fo/milR1 is loaded onto a different
AGO during transient expression in N. benthamiana than in
tomato.

Intriguingly, the 21 nt sRNAs with a 5'U are preferred by
AGOL1, whereas those with a 5’A are associated with AGO2. By
contrast, 24 nt sSRNAs with a 5'A are preferentially loaded onto
AGO4, whereas AGO5 shows a bias towards sSRNAs with a 5'C
without an obvious size preference (Mallory & Vaucheret, 2006;
Vaucheret, 2006). However, the 5'-terminal nt-directed sorting
model is not the only mechanism for sRNA sorting onto the
AGO:s and additional mechanisms are still largely unknown. This
last point may be relevant to Fol-milR1, in that it contains a 5'U
(Fig. 3), but interacts with AGOA4.

This study showed that Fo/milR1 is, uniquely, 23 nt in length
and acts as an effector to debilitate plant immunity and achieve
infection. To determine whether transmission of Fo/-milR1 into
tomato causes DNA methylation in the tomato genome and elu-
cidate other aspects of the molecular mechanism involving the
action of FolmilR1, further exploration is required. We propose
that export of sSRNA to the host plant represents a sophisticated
and conserved coevolution between pathogen and host.
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