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Abstract

Botrytis cinerea, the causative agent of gray mold disease, is an aggressive fungal pathogen that

infects more than 200 plant species. Here, we show that some B. cinerea small RNAs (Bc-sRNAs)

can silence Arabidopsis and tomato genes involved in immunity. These Bc-sRNAs hijack the host

RNA interference (RNAi) machinery by binding to Arabidopsis Argonaute 1 (AGO1) and

selectively silencing host immunity genes. The Arabidopsis ago1 mutant exhibits reduced

susceptibility to B. cinerea, and the B. cinerea dcl1 dcl2 double mutant that can no longer produce

these Bc-sRNAs displays reduced pathogenicity on Arabidopsis and tomato. Thus, this fungal

pathogen transfers “virulent” sRNA effectors into host plant cells to suppress host immunity and

achieve infection, which demonstrates a naturally occurring cross-kingdom RNAi as an advanced

virulence mechanism.

Botrytis cinerea is a fungal pathogen that infects almost all vegetable and fruit crops and

annually causes $10 billion to $100 billion in losses worldwide. With its broad host range,
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B. cinerea is a useful model for studying the pathogenicity of aggressive fungal pathogens.

Many pathogens of plants and animals deliver effectors into host cells to suppress host

immunity (1–4). All the pathogen effectors studied so far are proteins. We found that small

RNA (sRNA) molecules derived from B. cinerea can act as effectors to suppress host

immunity.

sRNAs induce gene silencing by binding to Argonaute (AGO) proteins and directing the

RNA-induced silencing complex (RISC) to genes with complementary sequences. sRNAs

from both plant and animal hosts have been recognized as regulators in host-microbial

interaction (5–8). Although sRNAs are also present in various fungi and oomycetes,

including many pathogens (9–14), it has not been clear whether they regulate host-pathogen

interaction.

To explore the role of B. cinerea sRNAs in pathogenicity, we profiled sRNA libraries

prepared from B. cinerea (strain B05.10)–infected Arabidopsis thaliana Col-0 leaves

collected at 0, 24, 48, and 72 hours after inoculation and from B. cinerea–infected Solanum

lycopersicum (tomato) leaves and fruits at 0, 24, and 72 hours after inoculation. sRNA

libraries prepared from B. cinerea mycelia, conidiospores, and total biomass after 10 days of

culture were used as controls. By using 100 normalized reads per million B. cinerea sRNA

reads as a cutoff, we identified a total of 832 sRNAs that were present in both B. cinerea–

infected Arabidopsis and S. lycopersicum libraries and had more reads in these libraries than

in the cultured B. cinerea libraries, with sequences exactly matching the B. cinerea B05.10

genome (15) but not Arabidopsis or S. lycopersicum genomes or cDNA (tables S1 to S3).

The closest sequence matches in Arabidopsis or S. lycopersicum contained a minimum of

two mismatches. Among them, 27 had predicted microRNA (miRNA)–like precursor

structures. A similar number of miRNA-like sRNAs were found in Sclerotinia sclerotiorum

(9). We found that 73 Bc-sRNAs could target host genes in both Arabidopsis and S.

lycopersicum under stringent target prediction criteria (tables S3). Among them, 52 were

derived from six retrotransposon long terminal repeats (LTR) loci in the B. cinerea genome,

13 were from intergenic regions of 10 loci, and eight were mapped to five protein-coding

genes.

Some of the predicted plant targets, such as mitogen-activated protein kinases (MAPKs), are

likely to function in plant immunity. To test whether Bc-sRNAs could indeed suppress host

genes during infection, three Bc-sRNAs (Bc-siR3.1, Bc-siR3.2, and Bc-siR5) were selected

for further characterization (table S2). These Bc-sRNAs were among the most abundant

sRNAs that were 21 nucleotides (nt) in length and had potential targets likely to be involved

in plant immunity in both Arabidopsis and S. lycopersicum. These sRNAs were also

enriched after infection (Fig. 1, A and B; fig. S1; and table S2) and were the major sRNA

products from their encoding loci, LTR retrotransposons (fig. S1). Bc-siR3.1 and Bc-siR3.2

were derived from the same locus with a 4-nt shift in sequence.

To determine whether Bc-sRNAs could trigger silencing of host genes, we examined the

transcript levels of the predicted target genes after B. cinerea infection. The following

Arabidopsis genes were targeted in the coding regions and were suppressed after B. cinerea

infection: mitogen activated protein kinase 2 (MPK2) and MPK1, which are targeted by Bc-
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siR3.2; an oxidative stress-related gene, peroxiredoxin (PRXIIF), which is targeted by Bc-

siR3.1; and cell wall-associated kinase (WAK), which is targeted by Bc-siR5 (Fig. 1C). In

contrast, the plant defense marker genes PDF1.2 and BIK1 (16), which do not contain the

Bc-sRNA target sites, were highly induced upon B. cinerea infection (Fig. 1C). We

conclude that suppression of some but not all genes is a result of sequence-specific sRNA

interaction and not due to cell death within infected lesions. Bc-siR3.2, which silences

Arabidopsis MPK1 and MPK2, was enriched also in S. lycopersicum leaves upon B. cinerea

infection (Fig. 1B) and was predicted to target another member of the MAPK signaling

cascade in S. lycopersicum, MAPKKK4 (table S2). Expression of MAPKKK4 was indeed

suppressed upon B. cinerea infection (Fig. 1D).

To confirm that the suppression of the targets was indeed triggered by Bc-sRNAs, we

performed coexpression assays in Nicotiana benthamiana. Expression of hemagglutinin

(HA)–epitope tagged MPK2, MPK1, and WAK was reduced when they were coexpressed

with the corresponding Bc-sRNAs but not when coexpressed with Arabidopsis miR395,

which shared no sequence similarity (Fig. 1E). The silencing was abolished, however, when

the target genes carried a synonymously mutated version of the relevant Bc-sRNA target

sites (Fig. 1E and fig. S2A). We also observed suppression of yellow fluorescent protein

(YFP)–tagged target MPK2 by B. cinerea infection at 24 hours after inoculation (Fig. 1F

and fig. S2B); when the Bc-siR3.2 target site of MPK2 was mutated, infection by B. cinerea

failed to suppress its expression (Fig. 1F and fig. S2B). Thus, Bc-siR3.2 delivered from B.

cinerea is sufficient for inducing silencing of wild-type MPK2 but cannot silence target site–

mutated MPK2. Similarly, of the YFP-sensors with wild-type or mutated Bc-siR3.2 target

sites (fig. S2C), only the wild-type sensor was suppressed after B. cinerea infection (Fig.

1G).

To test the effect of Bc-sRNAs on host plant immunity, we generated transgenic

Arabidopsis plants that ectopically expressed Bc-siR3.1, Bc-siR3.2, or Bc-siR5 using a plant

artificial miRNA vector (Fig. 2A) (17). These Bc-sRNA expression (Bc-sRNAox) lines

showed normal morphology and development without pathogen challenge when compared

with the wild-type plants, and expression of the target genes was suppressed (Fig. 2B). With

pathogen challenge, all of the Bc-sRNAox lines displayed enhanced susceptibility to B.

cinerea (Fig. 2, C and E). The results indicate that these Bc-sRNAs play a positive role in B.

cinerea pathogenicity.

Enhanced disease susceptibility of the Bc-sRNAox lines suggests that the target genes of

these Bc-sRNAs are likely to be involved in host immunity against B. cinerea. Plants with

mutated target genes showed normal morphology and development without pathogen

challenge. The Arabidopsis targets of Bc-siR3.2, MPK1 and MPK2, are homologs that share

87% amino acid identity. These genes are functionally redundant and are coactivated in

response to various stress factors (18). The mpk1 mpk2 double mutant exhibited enhanced

susceptibility to B. cinerea (Fig. 2, D and E). A transferred-DNA knockout mutant of the

Bc-siR5 target WAK (SALK_089827) (fig. S3A) also displayed enhanced susceptibility to B.

cinerea (Fig. 2, D and E). Consistent with this, Bc-sRNAox lines as well as mpk1 mpk2 and

wak showed lower induction of the defense marker gene BIK1 (fig. S3B). These results

suggest that the MPK1, MPK2, and WAK genes, all of which are targeted by Bc-sRNAs,
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participate in the plant’s immune response to B. cinerea. To determine whether MAPKKK4

is involved in S. lycopersicum defense response against B. cinerea, we applied the virus-

induced gene silencing (VIGS) approach to knock down MAPKKK4 in S. lycopersicum

using tobacco rattle virus (TRV) (fig. S4A) (19). VIGS of TRV-MAPKKK4 caused a dwarf

phenotype (fig. S4B). The MAPKKK4-silenced plants showed enhanced disease

susceptibility in response to B. cinerea and contained >15 times more fungal biomass than

that of the control plants (Fig. 2F). We conclude that Bc-sRNAs silence plant genes to

suppress host immunity during early infection.

These fungal sRNAs hijack the plant’s own gene silencing mechanism. Sixty-three of the 73

Bc-sRNAs that had predicted Arabidopsis and S. lycopersicum targets were 20 to 22 nt in

length with a 5′ terminal U (table S3). This sRNA structure is favored for binding to AGO1

in Arabidopsis (20, 21). In order to determine whether Bc-sRNAs act through Arabidopsis

AGO1, we immunoprecipitated AGO1 from B. cinerea–infected Arabidopsis collected at

24, 32, and 48 hours after inoculation and analyzed the AGO1-associated sRNAs. Bc-

siR3.1, Bc-siR3.2, and Bc-siR5 were clearly detected in the AGO1-associated fraction

pulled down from the infected plant samples but hardly in the control (Fig. 3A) or in the

AGO2- and AGO4-associated sRNA fractions (fig. S5). The sRNAs that had no predicted

plant targets or had predicted targets that were not down-regulated by B. cinerea infection

were not found in the AGO1-associated fractions (fig. S6).

If AGO1 plays an essential role in Bc-sRNA–mediated host gene silencing, we would

expect to see reduced disease susceptibility in the ago1 mutant because these Bc-sRNAs

could no longer suppress host immunity genes. For plants carrying the ago1-27 mutant allele

(22) and were inoculated with B. cinerea, the disease level was significantly less than on the

wild type (Fig. 3B and fig. S7A). Consistent with this, BIK1 induction was increased

compared with that of the wild-type (fig. S7B). Furthermore, the expression of Bc-siR3.2

targets MPK2 and MPK1, Bc-siR3.1 target PRXIIF, and Bc-siR5 target WAK in ago1-27

was not suppressed compared with those in wild-type infected plants after B. cinerea

infection (Fig. 3C). On the contrary, Arabidopsis miRNA biogenesis mutant dicer-like (dcl)

1-7 that shows similar morphological defects to ago1-27 exhibited an enhanced disease level

to B. cinerea (Fig. 3D). These results suggest that the increased resistance phenotype we

observed in ago1-27 is not caused by any reduced vigour or pleiotropic phenotype but was

due to the function of the Bc-sRNAs, and that Arabidopsis DCL1 is not required for the

function of Bc-sRNAs. Thus, Bc-sRNAs evidently hijacked host RNAi machinery by

loading into AGO1; the complex in turn suppressed host immunity genes.

To delete the siR3 and siR5 loci from the B. cinerea genome by homologous recombination

would be an ideal way to confirm their function; however, it is not feasible because siR3 is

from a LTR with three copies and siR5 is from a LTR with 13 copies. To better understand

the function and biogenesis of the Bc-sRNAs, we chose to knock out the B. cinerea DCL

genes, which encode the core sRNA processing enzymes. B. cinerea strain B05.10 possesses

two Dicer-like genes (Bc-DCL1 and Bc-DCL2) (fig. S8). We generated dcl1 and dcl2 single

and dcl1 dcl2 double knockout mutant strains through homologous recombination (fig. S9,

A and B). We found that dcl1 and dcl2 single mutants showed reduced growth and delayed

sporulation (fig. S9C). The dcl1 dcl2 double mutant displayed a more obvious phenotype
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than that of each of the single mutants, suggesting partial functional redundancy between

DCL1 and DCL2 in B. cinerea. Bc-siR3.1, Bc-siR3.2, and Bc-siR5 could not be detected in

the dcl1 dcl2 double mutant (Fig. 4A), indicating that they were DCL-dependent, whereas

two other Bc-sRNAs, Bc-milR2 and Bc-siR1498, could still be detected in dcl1 dcl2 double

mutant (fig. S9D). Fungi have diverse sRNA biogenesis pathways, and not all sRNAs are

DCL-dependent (12). The dcl1 dcl2 double mutant caused significantly smaller lesions than

those of the wild type or dcl1 and dcl2 single mutants on both Arabidopsis and S.

lycopersicum leaves (Fig. 4, B and C), in consistence with the significantly reduced fungal

biomass at 72 hours after inoculation in Arabidopsis and 48 hours after inoculation in S.

lycopersicum (fig. S10), which indicates that the virulence of the dcl1 dcl2 mutant was

greatly reduced. These results further support the conclusion that Bc-sRNAs—particularly

Bc-siR3.1, Bc-siR3.2, and Bc-siR5, which depend on B. cinerea DCL function—contribute

to the pathogenicity of B. cinerea. Mutation of dcl1 or dcl2 in B. cinerea caused delayed

growth and sporulation (fig. S9C) but had no effect on pathogenicity (Fig. 4, B and C).

Furthermore, expression of the YFP sensor carrying the Bc-siR3.2 target site in N.

benthamiana was silenced when infected with wild-type B. cinerea. The suppression was

abolished when inoculated with the dcl1 dcl2 strain (Fig. 4D), indicating that the dcl1 dcl2

double mutant was unable to generate Bc-siR3.2 to suppress the target. We also confirmed

the inability of dcl1 dcl2 to suppress Bc-siR3.1 and Bc-siR3.2 target genes MPK2, MPK1,

and PRXIIF in Arabidopsis and MAPKKK4 in tomato upon infection (Fig. 4E). Consistent

with this, the dcl1 dcl2 virulence was partially restored when infected on Arabidopsis Bc-

siR3.1ox and Bc-siR3.2ox plants as well as in tomato TRV-MAPKKK4–silenced plants (Fig.

4, F and G).

Animal and plant pathogens have evolved virulence or effector proteins to counteract host

immune responses. Various protein effectors have been predicted or discovered in fungal or

oomycete pathogens from whole-genome sequencing and secretome analysis (2, 3),

although delivery mechanisms are still under active investigation (23–27). Here, we show

that sRNAs as well can act as effectors through a mechanism that silences host genes in

order to debilitate plant immunity and achieve infection. The sRNAs from B. cinerea hijack

the plant RNAi machinery by binding to AGO proteins, which in turn direct host gene

silencing. Another fungal plant pathogen, Verticllium dahliae, also depends on AGO1

function for its pathogenicity (28). The implications of these findings may extend beyond

plant gray mold disease caused by B. cinerea and suggest an extra mechanism underlying

pathogenesis promoted by sophisticated pathogens with the capability to generate and

deliver small regulatory RNAs into hosts to suppress host immunity.
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Fig. 1. Bc-sRNAs silence host target genes in both Arabidopsis and S. lycopersicum during B.
cinerea infection
(A) Bc-siR3.1, Bc-siR3.2, and Bc-siR5 were expressed during infection of Arabidopsis as

detected at 18, 24, 48, and 72 hours after inoculation and (B) S. lycopersicum leaves at 18,

24, 32, 48 hours after inoculation by means of reverse transcription polymerase chain

reaction (RT-PCR). Actin genes of B. cinerea, Arabidopsis, and S. lycopersicum were used

as internal controls. Similar results were obtained from three biological replicates. (C) The

Arabidopsis targets of Bc-sRNAs were suppressed after B. cinerea infection. PDF1.2, BIK1,

and β-tubulin were used as controls. (D) The S. lycopersicum target gene MAPKKK4 was

suppressed upon B. cinerea infection. Expression [(C) and (D)] was measured by means of

quantitative RT-PCR by using actin as an internal control. Error bars indicate SD of three

technical replicates. Similar results were seen in three biological replicates. (E)

Coexpression of Bc-siR3.2 or Bc-siR5 with their host targets (HA-tagged) in N.

benthamiana revealed target silencing by means of Western blot analysis. Coexpression of

AtmiR395 or target site–mutated versions of target genes was used as controls. (F)

Expression of YFP-MPK2 or its synonymously mutated version (YFP-MPK2-m) after

infection of B. cinerea was observed with confocal microscopy. Coexpression of YFP-

MPK2 and Bc-siR3.2 was used as a control. (G) Expression of the YFP sensors carrying a

Bc-siR3.2 target site of MPK2 or a Bc-siR3.2 target site-m was analyzed after infection of B.

cinerea. Samples were examined at 24 hours after inoculation. (Top) YFP. (Bottom) YFP/

bright field overlay. Scale bars [(F) and (G)], 37.5 μm. Error bars indicate SD of 20 images

[(F) and (G)]. The asterisk indicates significant difference (two-tail t-test; P < 0.01). Similar

results were obtained in three biological replicates in (E) to (G).
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Fig. 2. Bc-sRNAs trigger silencing of host targets that are involved in host immunity
(A) Expression of Bc-siR3.1, BcsiR3.2, or Bc-siR5 in transgenic Arabidopsis ectopically

expressing Bc-sRNAs under the Cauliflower Mosaic Virus promoter 35S (Bc-sRNAox) was

examined by means of Northern blot analysis. Highly expressed lines were selected for the

following experiments. (B) Bc-sRNAox lines showed constitutive silencing of respective

Bc-sRNA target genes measured with quantitative RT-PCR. Two independent lines for each

Bc-sRNA were examined. Similar results were observed in two generations of the selected

transgenic lines. (C) Bc-sRNAox plants exhibited enhanced disease susceptibility to B.

cinerea as compared with wild type. (D) Loss-of-function mutants of Bc-siR3.2 and Bc-siR5

targets mpk1 mpk2 and wak displayed enhanced disease susceptibility. In all pathogen assays

[(C) and (D)], lesion sizes were measured at 96 hours after inoculation. Error bars indicate

the SD of 20 leaves. (E) Biomass of B. cinerea was measured with quantitative PCR at 96

hours after inoculation. Error bars indicate SD of three technical replicates. For (C), (D), and

(E), similar results were obtained from three biological repeats. (F) VIGS of MAPKKK4

exhibited enhanced disease susceptibility to B. cinerea in S. lycopersicum (examined at 72

hours after inoculation) as compared with control plants (TRV-RB). RB is a late-blight

resistance gene that is not present in tomato. We chose to use a TRV vector with a fragment

from a foreign gene as a control to eliminate the potential side effect of viral disease

symptoms caused by TRV empty vector. Spray inoculation was used because silencing

sectors are not uniform within the VIGS plants. Three sets of experiments with each of 6 to
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10 plants for each construct were performed, and similar results were obtained. The asterisk

indicates significant difference (two-tail t-test, P < 0.01) in (C) to (F).
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Fig. 3. Bc-sRNAs hijack Arabidopsis AGO1 to suppress host immunity genes
(A) Loading of Bc-siR3.1, Bc-siR3.2, and Bc-siR5 into Arabidopsis AGO1 during infection

was detected with AGO1-IP followed by RT-PCR. AGO1 from B. cinerea–infected leaves

harvested at 24, 32, and 48 hours after inoculation was pulled down by AGO1 peptide

antibody, and RNA was extracted from the AGO1-IP fraction. As a control, noninfected

leaves mixed with B. cinerea mycelium (at least twice as much as that in B. cinerea–infected

leaves at 48 hours after inoculation) were used to rule out any binding between AGO1 and

Bc-sRNAs during the experimental procedures. Similar results were obtained from at least

three biological repeats. (B) Arabidopsis ago1-27 exhibited reduced disease susceptibility to

B. cinerea as compared with the wild type. Lesion size of at least 20 leaves and fungal

biomass were measured at 96 hours after inoculation. (C) Silencing of MPK2, MPK1,

PRXIIF, and WAK during B. cinerea infection was abolished in ago1-27. (D) Arabidopsis

dcl1-7 exhibited enhanced disease susceptibility to B. cinerea as compared with the wild

type. Similar results were obtained from three biological repeats [(B) to (D)]. The asterisk

indicates significant difference (two-tail t-test, P < 0.01) in (B) and (D).
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Fig. 4. B. cinerea dcl1 dcl2 double mutant is compromised in virulence
(A) B. cinerea dcl1 dcl2 double mutant, but not dcl1 or dcl2 single mutants, was impaired in

generating Bc-siR3.1, Bc-siR3.2, and Bc-siR5 as revealed with RT-PCR. B. cinerea dcl1

dcl2 double mutant, but not dcl1 or dcl2 single mutants, produced much weaker disease

symptoms than did the wild type in (B) Arabidopsis and (C) S. lycopersicum, as

demonstrated by the lesion size measured of 20 leaves at 96 and 48 hours after inoculation,

respectively. Similar results were obtained from three biological repeats. (D) Expression of

the sensor YFP-Bc-siR3.2 target site was silenced by wild-type B. cinerea upon infection,

but not by the dcl1 dcl2 mutant at 24 hours after inoculation. Scale bar, 75 μm. Error bars

indicate SD of 20 images. Experiments were repeated two times with similar results. (E) B.

cinerea dcl1 dcl2 mutant was compromised in suppression of MPK2, MPK1, and PRXIIF in

Arabidopsis and MAPKKK4 in S. lycopersicum. Similar results were seen in two biological

repeats. (F) Arabidopsis Bc-siR3.1ox and Bc-siR3.2ox lines were more susceptible to B.

cinerea dcl1 dcl2 strain than was Col-0 wild type. (G) Enhanced disease phenotype of dcl1

dcl2 infection was also observed on TRV-MAPKKK4–silenced S. lycopersicum plants.

Experiments in (F) and (G) were repeated three times with similar results. B. cinerea

biomass was quantified at 96 hours after inoculation. The asterisk [in (B), (C), (D), (F), and

(G)] indicates significant difference (two-tail t-test; P < 0.01).
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