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plants and their pathogens modulates

gene expression in the interacting

partners during host-pathogen

interactions. Wang et al. show that the

model plant Arabidopsis also delivers

mRNAs within extracellular vesicles into

fungal pathogen cells where they are

translated and function to reduce

infection.
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SUMMARY
Cross-kingdom small RNA trafficking between hosts and microbes modulates gene expression in the inter-
acting partners during infection. However, whether other RNAs are also transferred is unclear. Here, we
discover that host plant Arabidopsis thaliana delivers mRNAs via extracellular vesicles (EVs) into the fungal
pathogen Botrytis cinerea. A fluorescent RNA aptamer reporter Broccoli system reveals host mRNAs in EVs
and recipient fungal cells. Using translating ribosome affinity purification profiling and polysome analysis, we
observe that delivered host mRNAs are translated in fungal cells. Ectopic expression of two transferred host
mRNAs in B. cinerea shows that their proteins are detrimental to infection. Arabidopsis knockout mutants of
the genes corresponding to these transferred mRNAs are more susceptible. Thus, plants have a strategy to
reduce infection by transporting mRNAs into fungal cells. mRNAs transferred from plants to pathogenic fungi
are translated to compromise infection, providing knowledge that helps combat crop diseases.
INTRODUCTION

Host-microbe interactions represent a molecular battleground

involving exchanges of diverse classes of biomolecules.1–3

Although toxins, metabolites, and proteins are transferred be-

tween hosts and microbes during infection,2,3 transfer of RNAs

is less well understood. Small RNAs (sRNAs) are a class of short

non-coding RNAs that can induce silencing of target genes with

sequence complementarity.4 Recent discoveries show that

some microbes deliver sRNAs into host cells and hijack host Ar-

gonaute (AGO) proteins to silence host genes for successful

infection, a process named ‘‘cross-kingdom RNAi.’’5–9 During

the co-evolutionary arms race between hosts and microbes,

hosts also transfer sRNAs into interacting microbes to silence

virulence-related genes in pathogens.1,10–12 However, it is un-

known whether other classes of RNA molecules, such as

messenger RNAs (mRNAs), can also move from hosts to inter-

acting microbes.

Extracellular vesicles (EVs) are a diverse group of cell-derived

membranous structures that are released into the extracellular

environment. EVs contain a cargo of various biomolecules,

including proteins, lipids, nucleic acids (such as RNA and

DNA), and metabolites.13 They serve as important mediators of
Cell Host & Microbe 32, 1–13,
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intercellular communication by transferring biological molecules,

thereby influencing various physiological and pathological pro-

cesses in diverse organisms.14 In animals, EVs have gained sig-

nificant attention in the scientific and medical communities due

to their potential as diagnostic and therapeutic tools.14 In plants,

EVs play an important role in protecting sRNA during trafficking

from hosts to interacting microbes to the detriment of pathogen

infection.10,15 Strikingly, fungal pathogen Botrytis cinerea, which

causes gray mold disease on more than 1,400 plant species,16

uses a similar strategy as its plant host to also deploy EVs to pro-

tect and transport sRNA effectors into host cells for cross-

kingdom RNAi.17

mRNA conveys genetic informationwithin cells that are usually

translated into proteins to fulfill its biological function. Intercel-

lular and systemic mRNA trafficking within an organism has

been reported in animals and plants.18–21 In animals, EVs are

important for intercellular and systemic sRNA and mRNA traf-

ficking within an organism.18,22–24 Recently, the fungal pathogen

of maize, Ustilago maydis, was shown to secrete EVs containing

mRNAs, which may participate in regulating plant-pathogen in-

teractions.25 However, it is currently unclear whether plant EVs

can transport mRNAs and other classes of RNAmolecules aside

from sRNAs. Critically, if mRNAs can move from plants to
January 10, 2024 ª 2023 The Authors. Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:hailingj@ucr.edu
https://doi.org/10.1016/j.chom.2023.11.020
http://creativecommons.org/licenses/by/4.0/


ll
OPEN ACCESS Article

Please cite this article in press as: Wang et al., Plant mRNAs move into a fungal pathogen via extracellular vesicles to reduce infection, Cell Host &
Microbe (2023), https://doi.org/10.1016/j.chom.2023.11.020
interacting microbes, are they translated in the microbes and

what is the potential consequence to pathogen fitness and

infectivity?

Here, our findings demonstrate that EVs transport plant

mRNAs to interacting pathogenic fungal cells. Importantly, we

observed that these transferred host mRNAs are associated

with fungal polysomes for translation, with the potential to

compromise infection. These discoveries inform potential future

strategies for effectively controlling plant diseases.

RESULTS

Plant EVs carry mRNAs
To investigatewhether plantmRNAsare associatedwithEVsdur-

ing infection, we conducted an mRNA profiling analysis on puri-

fied EVs (P100 fraction: ultracentrifugation at 100,000 3 g) from

leaf apoplastic wash fluids (AWFs) collected early (16 h) in the

interaction between Botrytis cinerea and Arabidopsis leaves

and uninfected leaves (mock) as described in Huang et al.26 The

time point of 16 h post-B. cinerea infection (hpi) is recognized to

be during the early biotrophic phase of infection before any host

cell death occurs,27 and no dead host cells were observed after

the trypan blue staining (Figure S1A). The quality of the AWFs

from infected plant leaves was evaluated before 100,0003 g ul-

tracentrifugation by western blot analysis to measure the poten-

tial contamination of chloroplasts, mitochondria, and their frag-

ments from cell leakage and death. The chloroplast membrane

protein Tic40 and mitochondrial inner membrane protein Tim17

were not detected in the AWF fraction (Figure S1B).28,29 The qual-

ity of EVs was further monitored by transmission electron micro-

scopy (TEM) andnanoparticle-tracking analysis (FiguresS1Cand

S1D). Using 100 normalized reads per kilobase of transcript per

million mapped reads (RPKM) in each biological repeat as a cut-

off, a total of 567Arabidopsis transcripts were identified in the EV

samples from 16 hpi samples (EV_infected) and nearly 30% of

themwere inducedafter infection comparedwith theEVs isolated

from uninfected leaves (Tables S1 and S2). Gene ontology (GO)

analysis revealed that 228 of the 567 (40.2%) EV-associatedAra-

bidopsis mRNAs encode genes associated with biotic stress or

defense responses with a clear enrichment of genes involved in

detoxification, response to reactive oxygen species, defense

response to fungus, hormone metabolic process, secondary

metabolic process, and immune response, etc. (Figure S1E;

TableS1),whereasbiotic stressordefense responsesassociated

genes only represent 11% of the total genes in the Arabidopsis

genome.30 Notably, the protein products of 167 EV-associated

mRNAs (29% of 567 genes) could be found in mitochondrial pro-

teomes (Table S1) according to the subcellular location database

for Arabidopsis proteins (SUBA4, http://suba.live). This repre-

sents an almost 4-fold enrichment compared with the percent

of mitochondria-localized protein genes in the entire Arabidopsis

genome (7.4%).31 RNA-seq analysis on total mRNAs from

Botrytis-infected Arabidopsis leaves was performed for compar-

ative analysis (Table S3). The profiles of EV-associated mRNAs

were distinct from the total mRNA profiles; for example, consid-

ering the 100most abundantArabidopsismRNAs in each dataset

in the libraries generated from infected plants, only 33 were

shared (Table S3). This suggests that transcript abundance in

leaf cells does not directly explain transcript abundance in EVs.
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We experimentally validated a selection of EV-mRNA candi-

dates of various lengths that have potential roles in plant defense

or stress responses, in addition to their developmental roles of

some genes. The full-length mRNA transcripts (open reading

frame) of 15 candidates were detected in the purified EV P100

fraction (Figure 1A). Transcripts abundant in total mRNA and ab-

sent in the EV dataset (Table S3), Outer Envelope Protein 6

(OEP6), General Regulatory Factor 10 (GRF10), and Profilin 5

(PRO5), were used as negative controls (Figure 1A). We chose

four Arabidopsis transcripts for further characterization from

the EV dataset that are induced during infection and, in addition

to their known functions in uninfected plants, could thus play

a role in plant immunity: Senescence-associated gene 21

(SAG21),32 ATP sulfurylase 1 (APS1),33,34 Peroxiredoxin IIC

(PRXIIC),35 and Hevein-like (HEL).36 The full-length transcripts

of these genes were still detected in purified EVs after micro-

coccal nuclease and proteinase K digestion unless the vesicles

were first ruptured with Triton X-100 (Figure 1B), demonstrating

that these mRNAs are indeed contained within the vesicles

rather than bound to the outer surface or associated with inde-

pendent protein aggregates.

Plants produce different classes of EVs based on their

biogenesis pathways and specific protein markers.37,38 We

previously showed that Tetraspanin (TET)-positive EVs

(considered plant exosomes), especially TET8- and TET9-pos-

itive EVs, are mainly responsible for sRNA transport from

plants to fungal pathogens.10 The tet8 mutant shows fewer

EVs under TEM10,39 and has impaired immune responses

against fungal infection.10 To determine whether plant mRNAs

are transported by TET8-positive EVs, we examined the levels

of selected EV-mRNAs in immuno-captured TET8-positive

exosome fractions purified using a TET8-specific anti-

body.15,26 Specificity of the immuno-isolation was verified us-

ing an independent control antibody (IgG). Full-length tran-

scripts of SAG21, APS1, PRXIIC, and HEL were detected in

the immuno-captured TET8-exosome fractions, but not in

the IgG control (Figure 1C). Moreover, the transcripts of

these genes were barely detectable in EVs from the tet8/tet9

double (tet8 knockout and tet9 knockdown) mutant10 com-

pared with EVs prepared from wild-type Arabidopsis (Fig-

ure 1C). Together, these results confirm that plant exosomes

also carry mRNAs in addition to sRNAs.

Plant mRNAs are observed in EVs
To visualize the mRNAs in host EVs, we applied an improved

RNA reporter system using a fluorescent RNA aptamer, Three-

Way Junction-4 x Broccoli (3WJ-4xBro), which was optimized

for RNA imaging in plant cells.40,41 Here, we tagged full-length

SAG21, APS1, PRXIIC, and HEL transcripts with 3WJ-4xBro ap-

tamer, which allowed the taggedmRNA transcripts to be directly

observed in TET8-positive EVs when co-expressed with TET8-

mCherry in Nicotiana benthamiana cells (Figures 2A–2C and

S2A), whereas the negative control, OEP6-3WJ-4xBro, was

not detectable in EVs (Figures 2A–2C). The full-length SAG21-,

APS1-, PRXIIC-, and HEL-3WJ-4xBro fusion transcripts

were also detected in purified EVs from N. benthamiana

(Figure S2B).

For further in-depth functional analysis, we selected two

genes, SAG21 and APS1. Both SAG21 and APS1 can be

http://suba.live


Figure 1. Plant EVs carry mRNAs

(A) Full-length plant transcripts were detected by RT-PCR in EVs isolated from mock-treated and B. cinerea-infected Col-0 leaves. Total RNAs from mock and

infected leaves were used as controls.

(B) Full-length host transcripts were detected by RT-PCR after micrococcal nuclease and proteinase K digestion, indicating that they are inside the EVs.

Treatments are as indicated (+).

(C) Full-length plant transcripts were detected in TET8-positive exosomes by RT-PCR. EVs were isolated from Arabidopsis leaves infected by B. cinerea. TET8-

positive exosomes were obtained by immunocapture with a TET8-specific antibody from isolated EVs of the P100 fraction. IgG non-specific antibody was used

as a control. The same transcripts were only weakly detected in a tet8/tet9 double mutant line.OEP6, PRO5, andGRF10were used as negative controls.Bc-actin

was used as a pathogen control gene, which was only detected in infected Col-0 leaves (Total) (A–C). DNA size markers are in base pairs (bp) (A–C). See also

Figure S1 and Tables S1–S3.
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targeted to plant mitochondria,31 and APS1 possesses a dual-

targeting signal directing it to both mitochondria and chloro-

plasts.42 SAG21 is induced by the infection of B. cinerea,

numerous bacterial, fungal, and oomycete pathogens, pathogen

elicitors, oxidative stress, and plant defense hormones such as

salicylic acid, methyl jasmonate, and ethylene.32,43 Transgenic

plants overexpressing SAG21 exhibit less susceptibility to the

infection of B. cinerea and bacterial pathogen Pseudomonas sy-

ringae pv. tomato DC3000.32APS1 is also induced byB. cinerea,

oomycete pathogen Phytophthora infestans, and oxidative

stress.43 APS1 participates in the biosynthesis of essential me-

tabolites, including glucosinolates, which are toxic to fungal

cells.33,34,44 However, there is no direct evidence that APS1 par-

ticipates in the defense response to B. cinerea infection. We

generated stable transgenic Arabidopsis plants expressing full-
length SAG21-3WJ-4xBro, APS1-3WJ-4xBro, or control OEP6-

3WJ-4xBro, and these transgenic lines did not show any obvious

developmental difference from the wild type. Quantitative RT-

PCR and confocal microscopy revealed that all fusion transcripts

were expressed and detected in plant cells (Figures S2C and

S2D). As expected, only SAG21-3WJ-4xBro and APS1-3WJ-

4xBro transcripts, but not OEP6-3WJ-4xBro, were observed in

the purified EV P100 fraction from uninfected plants (Figures

2D–2F). The full-length transcripts of tagged SAG21 and APS1

were also detected (Figure S2E). These findings provide direct

evidence that plant EVs carry specific mRNAs.

Plant mRNAs are transported into fungal cells
To determine whether these EV-associated plant mRNAs can

be delivered into interacting fungal cells during infection, we
Cell Host & Microbe 32, 1–13, January 10, 2024 3
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isolated pure B. cinerea cells from infected Arabidopsis leaves

using a sequential protoplasting strategy as reported in Cai et

al.10,45 Cultured B. cinerea mixed with uninfected leaves was

subjected to the same procedure as a negative control to

exclude potential contamination during the experimental pro-

cedure. The full-length EV-associated plant mRNAs (SAG21,

APS1, PRXIIC, and HEL) were detected in B. cinerea cells iso-

lated from infected leaves (Figure 3A), indicating that these

mRNAs are taken up by fungal cells. In contrast, transcripts

not associated with EVs (OEP6, PRO5, and GRF10) were not

detected in fungal cells, as anticipated (Figure 3A). None of

the plant transcripts that were detected in fungal cells after

infection were detected in the negative control of cultured

B. cinerea cells mixed with uninfected Arabidopsis leaves right

before the fungal cell isolation (Figure 3A). This result shows

that full-length EV-associated plant mRNAs are indeed trans-

ferred into fungal cells during infection. We also examined the

levels of SAG21, APS1, PRXIIC, and HEL in B. cinerea cells iso-

lated from infected tet8/tet9 leaves. Fewer EV-associated tran-

scripts were detected in B. cinerea cells isolated from tet8/tet9

than Col-0 (Figure 3A), indicating that plant exosomes play an

important role in the transport of plant mRNAs into fungal cells.

To further test the involvement of plant EVs in cross-kingdom

mRNA trafficking into fungal cells, Arabidopsis EVs were iso-

lated from the transgenic lines expressing 3WJ-4xBro-tagged

SAG21, APS1, or OEP6 and incubated with in vitro cultured

B. cinerea conidia for 4 h. After incubation, the full-length tran-

scripts of SAG21-3WJ-4xBro and APS1-3WJ-4xBro, but not

OEP6-3WJ-4xBro, were detected in purified B. cinerea cells

(Figure 3B). The fluorescence of SAG21-3WJ-4xBro and

APS1-3WJ-4xBro transcripts, but not OEP6-3WJ-4xBro, was

observed in fungal hyphae after incubation with EVs prepared

from uninfected transgenic plants expressing corresponding

3WJ-4xBro-tagged transcripts (Figures 3C and 3D). These re-

sults support the hypothesis that plant mRNAs are transported

by EVs into fungal cells.

To test whether we can also observe plant mRNA transcripts

inside fungal cells during natural infection, B. cinerea cells

were isolated from infected 3WJ-4xBro-tagged transgenic Ara-

bidopsis. As expected, we found fungal cells showing fluores-

cence of SAG21-3WJ-4xBro or APS1-3WJ-4xBro and detected

the full-length tagged transcripts of SAG21 and APS1 in fungal

cells (Figures 3E–3G). The tagged OEP6 transcript from the

negative control OEP6-3WJ-4xBro was not detected. These re-

sults confirmed that plant mRNAs are indeed entering fungal

cells during natural infection.
Figure 2. Plant mRNAs are observed in EVs
(A) Confocal images of EVs isolated from N. benthamiana leaves co-expressing T

HEL-3WJ-4xBro, or OEP6-3WJ-4xBro, showing that plant SAG21-, APS1-, PRX

OEP6 control was not. Scale bars, 5 mm.

(B) Quantification of tagged transcripts in EVs isolated from N. benthamiana in (A)

ANOVA usingDunnett’s multiple comparisons test (B, C, E, and F) was conducted

represent individual values.

(C) Quantification of protein TET8-mCherry in EVs isolated from N. benthamiana

(D) Confocal images of EVs isolated from Arabidopsis transgenic lines expressing

(line #2) transcripts. Plant SAG21- and APS1-3WJ-4xBro taggedmRNAs, but notO

stain EVs. Scale bars, 5 mm.

(E) Quantification of tagged transcripts in EVs isolated from Arabidopsis transge

(F) Quantification of total EVs isolated from Arabidopsis transgenic lines in (D). T
Plant mRNAs are translated in fungal cells
As most mRNAs are translated into proteins to perform biolog-

ical functions, we asked whether these transferred plant mRNAs

can be translated into proteins after entering fungal cells. We

adopted the translating ribosome affinity purification followed

by RNA-seq (translating ribosome affinity purification [TRAP]-

seq) method, which is an effective way to identify actively trans-

lated mRNAs.46,47 We generated a B. cinerea transformant

strain expressing yellow fluorescent protein (YFP)-tagged

B. cinerea Ribosome Protein Large subunit 23 (BcRPL23-YFP),

a subunit presents at the surface of the Ribosome complex.48

This strain exhibits similar growth and infection phenotype as

the wild-type strain and allows pulling down all themRNAs asso-

ciated with fungal ribosomes. TRAP-seq analysis was per-

formed to isolate and sequenceB. cinerea ribosome-associated

mRNAs from BcRPL23-YFP cells during Arabidopsis infection

(TRAP_infected). Cultured hyphae of theB. cinerea transformant

mixed with uninfected Arabidopsis Col-0 leaves were used as a

control (TRAP_mix) to exclude potential contamination during

the experimental procedure. A total of 320 plant protein-coding

mRNAs were associated with fungal ribosomes in all three bio-

logical replicates with at least 50 RPKM (considering only reads

mapping to Arabidopsis) and >3-fold change (TRAP_infected/

mix) as a cutoff (Table S4A). Consistent with the proposed

mechanism of EV-mediated transfer, 63% (201) of 320 TRAP-

associated genes overlapped with the mRNAs identified in EVs

(Table S4B). GO analysis revealed that defense response-

related genes were highly enriched in the Botrytis BcRPL23

TRAP gene list (Figure S3A). Strikingly, 128 of the 201 genes

(64%) present in both TRAP- and EV-associated gene lists are

biotic stress- or defense response-related. Again, 72 of the

TRAP-associated genes (23%) encode proteins that are present

in mitochondrial proteomes,31 48 of them (67%) overlap with

transcripts encoding mitochondria-targeted proteins in EVs

(Figure S3B). It is worth noting that abundant chloroplast-

genome-derived mRNAs and nuclear-photosynthesis-associ-

ated mRNAs are not enriched in the TRAP dataset, indicating

that there is no significant contamination with abundant host

cellular transcripts. The full-length transcripts of plant EV-asso-

ciated mRNAs SAG21, APS1, PRXIIC, and HEL were detected

by RT-PCR after BcRPL23-YFP pull-down from infected sam-

ples but not from the control samples in which in vitro cultured

B. cinerea hyphae were mixed with uninfected Arabidopsis (Fig-

ure 4A). This is consistent with the hypothesis that these plant

mRNAs can be transferred to Botrytis and become associated

with fungal ribosomes.
ET8-mCherry with SAG21-3WJ-4xBro, APS1-3WJ-4xBro, PRXIIC-3WJ-4xBro,

IIC-, and HEL-3WJ-4xBro tagged mRNAs were observed in EVs, whereas the

. The data are presented as mean ± SD, n = 6 optical slices. Ordinary one-way

to identify statistically significant differences. Small black circles (B, C, E, and F)

in (A). The data are presented as mean ± SD, n = 6 optical slices.

SAG21-3WJ-4xBro (line #2), APS1-3WJ-4xBro (line #2), or OEP6-3WJ-4xBro

EP6-3WJ-4xBrowere detected in EVs. The lipophilic FM4-64 dye was used to

nic lines in (D). The data are presented as mean ± SD, n = 6 optical slices.

he data are presented as mean ± SD, n = 6 optical slices. See also Figure S2.

Cell Host & Microbe 32, 1–13, January 10, 2024 5



Figure 3. Plant mRNAs are transported into fungal cells

(A) Full-length transcripts were detected by RT-PCR inB. cinerea cells isolated from infectedCol-0 (Infected), but not in culturedB. cinereamixed with uninfected

leaves (Mixed control), which was subjected to the same procedure. Plant transcripts were reduced in B. cinerea cells purified from the infected tet8/tet9 double

(legend continued on next page)
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It remained a possibility that mRNAs were bound to mono-ri-

bosomes and were not actively being translated into proteins.

To investigate whether mRNAs were associated with actively

translating polysomes, B. cinerea cells were isolated from in-

fected Arabidopsis leaves, and the cell extracts were then

fractionated by sucrose gradient centrifugation to separate the

polysomes from monosomes and ribosomal subunits. We

focused on SAG21 and APS1, and RT-PCR results showed

that these transcripts were highly enriched in fractions contain-

ing polysomes, consistent with the B. cinerea endogenous con-

trol transcript Bc_Actin (Figure 4B). To further confirm that

SAG21 and APS1 accumulated in actively translating poly-

somes, the fungal cell lysates were treated with the translation

inhibitor puromycin, which can specifically disrupt poly-

somes,49,50 before being loaded onto sucrose gradients. Like

Bc-Actin, both SAG21 and APS1 plant mRNAs shifted to the

more slowly sedimenting monosomal fractions of the gradient

(Figure 4B). This result indicates that transferred plant mRNAs

are associated with actively translating fungal polysomes and

thus are translated into proteins within fungal cells.

To determine whether we can detect the proteins translated

from the transferredmRNAs in the fungal cells, we generatedAra-

bidopsis transgenic plants in the corresponding mutant back-

ground expressing SAG21-YFP, APS1-YFP, or mutated (m)

SAG21-YFP and mAPS1-YFP that could not be translated

(Figures S3C–S3E). A premature stop codon was introduced by

a single-nucleotide insertion (for mSAG21) or replacement (for

mAPS1) tominimize thechange in themRNAsecondaryor tertiary

structures,which could be required for EV-loadingand trafficking.

Initially, we tested whether the SAG21-YFP and APS1-YFP pro-

teins are secreted. Immunoblotting showed that both fusion pro-

teinswere not detectable in the apoplastic fluid, the P100 EV frac-

tion, or thesupernatantof theP100 fraction (Figure4C).Moreover,

SAG21-YFP or APS1-YFP fusion proteins were not detected in

TET8-positive EVs when co-expressed with TET8-mCherry in

N. benthamiana cells (Figures S4A–S4C), whereas the positive

control Annexin 1 (ANN1)-YFP fusion was detectable in EVs,

which is consistent with a previous report15 (Figures S4A–S4C).

This result demonstrates that the SAG21-YFP and APS1-YFP

fusion proteins are not secreted or exported via EVs. Therefore,

the presence of SAG21-YFP and APS1-YFP in fungal cells is

due to translation of plant mRNAs by fungal ribosomes.
mutant line compared with those from infected Col-0. OEP6, GRF10, and PRO

pathogen controls (A, B, and G). DNA size markers are in base pair (bp) (A, B, an

(B) The Arabidopsis SAG21-3WJ-4xBro and APS1-3WJ-4xBro-tagged transcript

3WJ-4xBro was not. EVs purified from Arabidopsis expressing SAG21-3WJ-4xBr

B. cinerea conidia for 4 h. Tagged transcripts were detected by RT-PCR after Tr

(C) Confocal microscopy shows that fluorescence of tagged transcripts SAG21

B. cinerea hyphae after 4 h incubation with EVs expressing corresponding tagge

B. cinerea hyphae was imagined after Triton-X100 treatment and washing to rem

(D) Quantification of plant tagged transcripts in Botrytis hyphae in (C). Ordinary

conducted to identify statistically significant differences. The data are presente

individual values.

(E) Confocal images of B. cinerea cells isolated from infected transgenic A. thalian

(control) show that plant tagged mRNAs were detected in interacting fungal cells

(F) Quantification of tagged transcripts in Botrytis cells isolated from infected Ar

optical slices.

(G) RT-PCR shows that tagged transcripts translocated from the plants into int

isolated from infected transgenic A. thaliana lines expressing SAG21-3WJ-4xBro
To determine that transferred plant mRNAs are indeed trans-

lated in fungal cells, we isolated EVs from uninfectedArabidopsis

transgenic lines expressing SAG21-YFP andAPS1-YFP. The pu-

rified plant EVs, which did not show any detectable fusion pro-

teins (Figures 4C and 4D–4G at 0 h), were incubated with

cultured B. cinerea conidia for 24 h. Although all the transcripts

of SAG21-YFP, APS1-YFP, mSAG21-YFP, and mAPS1-YFP

were detected in the fungal cells after incubation with isolated

EVs for 24 h (Figure 4F), only the fluorescent proteins SAG21-

YFP and APS1-YFP from corresponding transgenic Arabidopsis

lines, but not the mutated versions, were observed in fungal cells

incubated with EVs after 24 h (Figures 4D, 4E, and 4G). This pro-

vides strong evidence that these proteins were translated from

the transferred mRNAs in the fungal cells.

Plant mRNAs in fungal cells reduce infection
To assess if transferred plant mRNAs could act in fungal cells to

affect infection, we generated B. cinerea transformants that

ectopically express SAG21-YFP, APS1-YFP, or mSAG21-YFP,

mAPS1-YFP, or free YFP as controls. Both SAG21-YFP and

APS1-YFP strains displayed reduced fungal growth compared

with mSAG21-YFP, mAPS1-YFP, or free YFP strains (Fig-

ure S5A). Both transcripts and proteins were detected in the cor-

responding SAG21-YFP and APS1-YFP strains, but only the

transcript, not the protein, could be detected in the corres-

ponding mSAG21-YFP or mAPS1-YFP strains (Figures S5B

and S5C). The transformants expressing SAG21-YFP or APS1-

YFP showed significantly reduced infection onArabidopsis com-

pared with the control free YFP strain, whereas the mSAG21-

YFP or mAPS1-YFP strain did not show significant differences

in terms of infection compared with the free YFP strain

(Figures 5A and 5B). These results confirm that these transferred

mRNAs can limit pathogen infection following translation into

proteins. Furthermore, both SAG21-YFP and APS1-YFP pro-

teins partially localized to Botrytis mitochondria and resulted in

similar morphological changes, with enlarged separated mito-

chondria and disrupted mitochondrial network (Figure 5C). The

free YFP control localized in the cytoplasm and did not altermito-

chondrial morphology or network. The morphology change

of the mitochondria likely disrupts mitochondrial function and

perturbs the subcellular network formed between fungal

mitochondria.
5 were used as plant endogenous controls and Bc-actin and Bc-tubulin as

d G).

s were detected within B. cinerea hyphae after co-incubation, whereas OEP6-

o, APS1-3WJ-4xBro, or OEP6-3WJ-4xBro were incubated with in vitro cultured

iton-X100 treatment and washing to remove EVs in the mixed solution.

-3WJ-4xBro, APS1-3WJ-4xBro, but not OEP6-3WJ-4xBro, was observed in

d transcripts, which were isolated from the corresponding transgenic plants.

ove EVs outside of the fungal hyphae. Scale bars, 5 mm.

one-way ANOVA using Dunnett’s multiple comparisons test (D and F) was

d as mean ± SD, n = 6 optical slices. Small black circles (D and F) represent

a lines expressing SAG21-3WJ-4xBro, APS1-3WJ-4xBro, orOEP6-3WJ-4xBro

. Scale bars, 5 mm.

abidopsis transgenic lines in (E). The data are presented as mean ± SD, n = 6

eracting fungal cells were detected in purified Bc-cells. B. cinerea cells were

, APS1-3WJ-4xBro, or OEP6-3WJ-4xBro (control).
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Figure 4. Plant mRNAs are translated in fungal cells

(A) Full-length plant transcripts were detected in TRAP-isolated fungal ribosome fraction after 36 h infection (Infection) byB. cinerea expressing ribosomal subunit

BcRPL23-YFP, but were not detected in in vitro cultured B. cinerea transgenic BcRPL23-YFP hyphae mixed with Col-0 (Control) (upper panels). Immunoblot

shows that TRAP specifically pulls down BcRPL23-YFP from infected Col-0 tissue using a-GFP antibody beads. OEP6, GRF10, and PRO5 were used as plant

control genes, Bc-actin as a pathogen control gene. DNA size markers are in base pair (bp) (A, B, and F). Protein size markers are in kilodaltons (KD) (A and F).

(B) RT-PCR shows that the transferred Arabidopsis mRNAs were associated with B. cinerea polysomes. The transferred plant mRNAs were shifted from the

polysome fractions to the monosome fractions upon puromycin treatment. Ten fractions of equal volume were collected from top to bottom of 15% to 55%

sucrose gradients. Treatment of puromycin or not is as indicated (+ or �).

(C) Western blot analysis shows SAG21-YFP and APS1-YFP proteins were not detectable in the extracellular fractions, including apoplastic wash fluids (AWFs),

the P100 EV fraction (EVs), or the supernatant of the P100 fraction (S). As a positive control, annexin1(ANN1)-YFP-tagged protein was secreted into AWFs and

(legend continued on next page)
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Finally, we also identified T-DNA insertion knockout Arabidop-

sis mutants for SAG21 and APS1 (Figures S5D–S5F) and sub-

jected them to B. cinerea infection. The mutant lines showed

increased susceptibility to B. cinerea infection compared with

wild-type plants (Figures 5D and 5E), whereas no significant dif-

ference was observed between the complemented transgenic

lines and wild-type plants (Figures 5D and 5E). These data sug-

gest that SAG21 and APS1 contribute to reduced plant suscep-

tibility to fungal infection.

DISCUSSION

Cross-kingdom sRNA trafficking has been observed in a wide

range of host-microbe/parasite interaction systems, including

both plant and animal hosts with their pathogenic or beneficial

microbes.1,5,6,9–11,37,51,52 Recently, it has been shown that EVs

play a role in DNA horizontal gene transfer between bacteria in

marine environments, which is mediated by forms of transpo-

sons called Tycheposons. Tycheposons are enriched in EVs in

seawater, demonstrating that EVs are more stable in a harsh

environment than anticipated, and nucleic acid transfer occurs

via EVs to accelerate microbial evolution.53 In this study, we

show that specific plant host mRNAs can also be transferred

via EVs into an interacting fungal pathogen. EVs provide excel-

lent protection to vulnerable RNA andDNA cargoes during trans-

portation. The presence of the majority of these mRNAs also in

EVs from uninfected Arabidopsis plants (Figure 1A; Tables S1

and S2) indicates that they are not formed by the necrotizing ac-

tivities of B. cinerea that are observed usually after 48 h of infec-

tion on Arabidopsis under our infection conditions. Indeed, EVs

prepared from uninfected transgenic Arabidopsis expressing

3WJ-4xBro-tagged mRNAs (Figure 3C) allowed us to monitor

the transport of those mRNA fusions into fungal cells during

co-incubation. These transferred host mRNAs can be translated

into proteins in the fungal cells (Figure 4) and have the potential

to attenuate infection (Figure 5). Cross-kingdom trafficking of

mRNAs is likely to be more effective than trafficking of proteins

for modulating microbial infection, due to the ability of mRNAs

to be translated into many protein molecules inside the interact-

ing microbial cells, thus amplifying the functional consequences.

The presence of mRNAs in EVs isolated from uninfected

plants indicates that EV-mediated mRNA transport may serve

as a general mechanism for mRNA transport between different

cells or tissues within a plant. Similar phenomena were

observed in mammalian systems, where EVs carrying sRNAs

and mRNAs move between tissues and cells.23,24 EVs do not
present in EVs. The abundantly secreted pathogen-related protein1 (PR1), abse

marker for EV containing fractions. S, supernatant after 100,000 3 g centrifugati

(D) The fluorescence signals of YFP-tagged SAG21 and APS1 proteins were obser

expressing SAG21-YFP or APS1-YFP for 24 h but not at 0 h. There was no fluore

isolated from corresponding Arabidopsis transgenic lines expressing SAG21-YF

(E) Quantification of translated proteins from transferred plant YFP-tagged tran

significant differences. The data are presented as mean ± SD, n = 6 optical slice

(F) RT-PCR shows that the full-length YFP-tagged wild-type transcripts SAG21 a

were detected in fungal cells incubated with EVs for 24 h (left panels).

(G) Only the transferred wild-type SAG21 and APS1 mRNAs but not the mutate

(D) were subjected to immunoblot using a-GFP as primary antibody (right pane

Ponceau staining (PS).

See also Figures S3 and S4, and Table S4.
only offer protection of the RNA cargoes from degradation in

the extracellular environment but may also facilitate the pro-

cess of entering the recipient cells or organisms. Transport of

existing mRNAs directly between cells and tissues within plants

or between plants and interacting organisms may contribute to

the rapid host response to environmental stresses or pathogen

attacks.

The sequencing profiles of EV-associated mRNAs, as

distinct from the total mRNA profiles, suggest selective

loading of RNA cargo into EVs (Tables S1 and S3). In mamma-

lian cells, microRNAs carrying 4–7 nucleotides of comprising

EXOmotifs, predominantly with high GC content, show signif-

icant enrichment in small EVs. Moreover, these EXOmotifs can

enhance both small EV secretion and the ability of secreted

microRNAs to inhibit target genes in recipient cells.54 In

plants, we have identified a set of EV-associated RNA-

binding proteins, including AGO1 and RNA helicases, which

contribute to selective sRNA loading into EVs.15 In this study,

we identified a subset of functional mRNAs in plant EVs that

can move into interacting fungal cells. Further investigation

is necessary to unravel the mechanisms involved in host

mRNA selection, packaging, transport, and uptake into inter-

acting fungal cells.

Strikingly, more than 20% of the plant mRNAs that are trans-

ported into fungal cells by EVs encode predicted mitochon-

dria-targeted proteins or possess dual-targeting signals formito-

chondria and chloroplasts. Our results show, using SAG21 and

APS1 proteins, that they have the potential to target fungal mito-

chondria. Mitochondria are essential organelles in most eukary-

otes that produce energy in the form of ATP to enable many

cellular processes. They also play a pivotal role in plant and an-

imal immune responses against pathogen infection.55,56 In both

animal and plant fungal pathogens, the importance of mitochon-

dria in fungal pathogenicity has been recognized.57–60 Although

plant mitochondria have been proposed as targets of pathogen

effector proteins,61–63 this study shows that plants have also

evolved an analogous strategy to deliver a range of mRNAs

that encode proteins that could act synergistically to potentially

target and perturb fungal mitochondrial activities. This may

occur not through retaining their known functions within plant

cells. Rather, we hypothesize that their presence in fungal mito-

chondria may in some way be detrimental to the fungus, poten-

tially through antagonizing the efficient function of endogenous

mitochondrial processes. Future investigation of the biological

functions of the proteins encoded by these transferred host

mRNAs will help us to understand the importance of
nt in EVs, was used as a secretion control. TET8 native protein was used as a

on.

ved in fungal cells only after incubationwith EVs isolated from transgenic plants

scence signal for mSAG21-YFP or mAPS1-YFP after co-incubation. EVs were

P, APS1-YFP, mSAG21-YFP, or mAPS1-YFP. Scale bars, 10 mm.

scripts in fungal hyphae in (D). T test was conducted to identify statistically

s. Small black circles represent individual values.

nd APS1, as well as the YFP-tagged mutated transcriptsmSAG21 andmAPS1

d versions were translated into tagged proteins in fungal cells. Samples from

ls). Size markers are indicated in KD, and protein loading is represented by
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Figure 5. Plant mRNAs in fungal cells reduce infection

(A) B. cinerea transformants expressing Arabidopsis SAG21-YFP under a constitutive promotor oliC in an intergenic region show reduced virulence compared

with transformants expressing the mutated transcript mSAG21-YFP or control YFP.

(B)B. cinerea transformants expressing APS1-YFPdisplay reduced infection capability comparedwith transformants expressingmAPS1-YFPor control YFP. For

A and B, relative lesion sizes were measured at 60 h post-infection. The data are presented as mean ± SD, n = 10 leaves from at least three replicates. Ordinary

one-way ANOVA using Dunnett’s multiple comparisons test was conducted to identify statistically significant differences. Small black circles represent individual

values.

(C) SAG21-YFP and APS1-YFP, but not the free YFP, are localized in mitochondria in B. cinerea transformants ectopically expressing these tagged proteins.

Ordinary one-way ANOVA using Dunnett’s multiple comparisons test was conducted to identify statistically significant differences. Quantification of mito-

chondrial morphology change is displayed in violin plots, The size of mitochondrial (n = 100) in B. cinerea transformants was measured using Image J. Scale

bars, 5 mm.

(D) Enhanced susceptibility toB. cinereawas observed in T-DNA insertion knockout line sag21 (SALK_099663). Complemented transgenic sag21 line expressing

SAG21-YFP driven by its native promotor shows no significant difference in susceptibility with Col-0.

(legend continued on next page)
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mitochondria in plant-pathogen interactions and precisely how

mRNAs such as SAG21 and APS1 may modulate fungal mito-

chondrial morphology and functions.

Our understanding of the mechanisms underlying cross-

kingdom RNA trafficking will help in the development of effec-

tive and eco-friendly strategies to control plant diseases. With

growing evidence to support the capabilities of EVs as attrac-

tive molecular vehicles, the discovery of EVs as vehicles to

transfer plant RNAs, including sRNAs and mRNAs, into fungal

cells will no doubt aid in the development of plant protection

solutions.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-TET8 Hailing Jin (He et al.15) N/A

Mouse monoclonal Anti-GFP Sigma-Aldrich Cat#11814460001

Rabbit polyclonal anti-mCherry Abcam Ca#ab167453

Rabbit polyclonal anti-PR1 Agrisera Cat# AS10 687

Rabbit immunoglobin G Thermo Fisher Ca# 02-6102

Bacterial and virus strains

One Shot� TOP10 Chemically Competent E. coli Thermo Fisher Cat#C404003

E. coli TET8-mCherry Hailing Jin (Cai et al.10) N/A

E. coli ANN1-mCherry Hailing Jin (He et al.15) N/A

E. coli SAG21-YFP This paper N/A

E. coli APS1-YFP This paper N/A

E. coli mSAG21-YFP This paper N/A

E. coli mAPS1-YFP This paper N/A

E. coli SAG21-3WJ-4xBro This paper N/A

E. coli APS1-3WJ-4xBro This paper N/A

E. coli PRXIIC-3WJ-4xBro This paper N/A

E. coli HEL-3WJ-4xBro This paper N/A

E. coli OEP6-3WJ-4xBro This paper N/A

Biological samples

Plant Extracellular vesicles Arabidopsis thaliana N/A

Fungal hyphae Botrytis cinerea N/A

Nicotiana benthamiana leaves Nicotiana benthamiana N/A

Chemicals, peptides, and recombinant proteins

Puromycin Sigma CAS#58-58-2

DFHBI-1 Sigma CAS#1241390-29-3

FM4-64 Thermo Fisher Cat#T13320

uranyl acetate LADD N/A

SAG21-YFP This paper N/A

APS1-YFP This paper N/A

Critical commercial assays

NEB Next Poly(A) mRNA Magnetic Isolation Module kit NEB #E7490

NEBNext� Ultra� Directional RNA Library Prep Kit NEB #E7420

MITO-ID Membrane potential detection kit Enzo EZN-51018

Deposited data

RNA-seq data This paper GEO: GSE197077

Experimental models: Organisms/strains

Arabidopsis SAG21-YFP This paper N/A

Arabidopsis APS1-YFP This paper N/A

Arabidopsis mSAG21-YFP This paper N/A

Arabidopsis mAPS1-YFP This paper N/A

Arabidopsis SAG21-3WJ-4xBro This paper N/A

Arabidopsis APS1-3WJ-4xBro This paper N/A

Arabidopsis PRXIIC-3WJ-4xBro This paper N/A

Arabidopsis HEL-3WJ-4xBro This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis OEP6-3WJ-4xBro This paper N/A

Arabidopsis ANN1-mCherry Hailing Jin (He et al.15) N/A

Arabidopsis T-DNA line SALK_099663 TAIR SALK_099663

Arabidopsis T-DNA line SALK_046518 TAIR SALK_046518

Botrytis SAG21-YFP This paper N/A

Botrytis APS1-YFP This paper N/A

Botrytis YFP This paper N/A

Botrytis mSAG21-YFP This paper N/A

Botrytis mAPS1-YFP This paper N/A

Oligonucleotides

See Table S5 for primers This paper N/A

Recombinant DNA

SAG21-YFP This paper N/A

APS1-YFP This paper N/A

mSAG21-YFP This paper N/A

mAPS1-YFP This paper N/A

SAG21-3WJ-4xBro This paper N/A

APS1-3WJ-4xBro This paper N/A

PRXIIC-3WJ-4xBro This paper N/A

HEL-3WJ-4xBro This paper N/A

OEP6-3WJ-4xBro This paper N/A

ANN1-mCherry Hailing Jin (He et al.15) N/A

Software and algorithms

Image J National Institutes of Health https://imagej.net/ij/

FastQC Simon Andrews https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

MultiQC Ewels et al.64 https://multiqc.info/

STAR (v. 2.7.5a) Dobin et al.65 http://star.mit.edu/

Rsubread package Liao et al.66 https://bioconductor.org/packages/release/

bioc/html/Rsubread.html

edgeR package in R Robinson et al.67 https://bioconductor.org/packages/release/

bioc/html/edgeR.html

signalP (v. 5.0b) Almagro Armenteros et al.68 https://services.healthtech.dtu.dk/services/

SignalP-5.0/9-Downloads.php
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hailing Jin

(hailingj@ucr.edu).

Materials availability
All requests for resources and reagents should be directed to the lead contact author. This study did not generate new unique

reagents.

Data and code availability
d RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession number is listed

in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana

Arabidopsis thaliana transgenic lines and mutants were derived from Col-0. Arabidopsis plants were grown in a controlled environ-

ment glasshouse at 23�C with 55% humidity and 12 h light/12h dark. Four-week-old plants were used for most experiments in

this study.

Nicotiana benthamiana

N. benthamiana plants were grown in a greenhouse at 23�C with 12 h light/12h dark conditions for 4-5 weeks.

Botrytis Cinerea

B. cinerea wild-type stain B05.10 and transformants were cultured on potato dextrose broth with 1.5% Agar (PDA) plates at room

temperature for two weeks before collecting spores for experiments.

METHOD DETAILS

Agrobacterium-mediated transformation
All A. thaliana lines used were in the Columbia background (Col-0). A. thaliana and N. benthamiana plants were grown in a controlled

environment glasshouse at 23�C with 55% humidity and 12 h light d-1.69 For Agrobacterium-mediated transient expression in

N. benthamiana, A. tumefaciens strain GV3101 transformed with expression vectors were grown at 28 �C overnight in Luria–

Bertani broth containing selective antibiotics. They were then pelleted by centrifugation and resuspended in infiltration buffer

(10mM 2-(N-morpholino) ethanesulfonic acid (MES), 10mM MgCl2 and 200 mM acetosyringone, pH 7.5) to a final concentration at

OD600 nm = 0.5 and incubated at room temperature for at least 1 h before infiltration into leaves. After 2 days, the infiltrated leaves

were collected for immunoblotting. Six-week-old flowering A. thaliana plants were transformed by the floral-dip method.70 Trans-

genic lines were selected on 50 mg mL-1 of hygromycin-supplemented Murashige and Skoog (MS) (Sigma, St. Louis) agar plates

for 10 d. Hygromycin-resistant seedlings were transferred to soil for propagation. BASTA resistant transgenic lines were selected

with spray seedlings using 120 mg L-1 of BASTA solution.

Trypan blue stains of A. thaliana leaves infected by B. cinerea

The staining solutions and procedure were based on the protocol provided by Imanifard71 with the following modifications: infected

leaves after 16 hpi were transferred into 15 ml falcon tubes with a lid and covered with diluted trypan blue solution. The tubes were

placed in a heated water bath and the staining solution was boiled for oneminute. The tissue was left overnight in the staining solution

and destained the next day by replacing the staining solution with chloral hydrate solution three times.

Pathogenesis assay
B. cinerea stain B05.10 wild type and transformants were cultured in Malt Extract Agar (MEA) medium. The B. cinerea spores were

suspended in 1% sabouraud maltose broth buffer and inoculated onto four-week-old Arabidopsismiddle leaves, with 10 ml droplets

of spores (105/ml) applied to each leaf.72 Lesion development was measured at 2 days post inoculation using Adobe Photoshop

software.

Fungal cell isolation from infected A. thaliana

The pure fungal cells were isolated from B. cinerea-infected plants using sequential protoplast isolation methods described previ-

ously, which are based on the different components of plant and fungal cell walls.10,73 The first step involves releasing plant proto-

plasts from infected plants. After being infected by B. cinerea (2 x 105/ml) for 36h, plant leaves were collected, rinsed then homog-

enized for 1 minute in isolation buffer (0.02 M MOPS buffer pH 7.2, 0.2 M sucrose) in a blender to release fungal cells from infected

plants. The homogenate was then filtered through 70 mm nylon mesh to remove plant cell wall debris. The material retained on the

filter was re-homogenized and re-filtered. After centrifuging the pooled homogenate at 1,500 g for 10 minutes, the pellets were re-

suspended in 1%Triton X-100 andwashed 3 timeswith isolation buffer to remove plant contents. The pellets were then processed for

plant cell wall digestion using plant cell wall digest solution (1.5% cellulose, 0.4% maceroenzyme, 0.4 M mannitol, 20 mMMES (pH

5.7), 20 mM KCl, CaCl2, 0.1% BSA) for 2 hours to release the plant protoplasts. The plant protoplasts were ruptured in 1% Triton

X-100 and washed in isolation buffer 5 times to completely remove plant contents. The second step involves isolating fungal proto-

plasts from the previous sample pellet by resuspending the pellet in lysing enzyme solution (2% lysing enzyme from Trichoderma

harzianum (Sigma) in 0.6 M KCl, 50 mM CaCl2) and incubating it for 2-3 hours at 28�C. The fungal protoplasts were filtered through

a 40 mm nylon mesh and isolated by centrifugating in a 30% sucrose cushion at 4�C for 10 minutes at 5,000 rpm. The fungal proto-

plasts were collected from the interface between the sucrose layer and the tissue suspension layer, thenwashed with five- to ten-fold

volume of SM buffer (1.2M-sorbitol and 0.02M-MES, pH 6.0) and centrifuged at 5,000 rpm for 5minutes. Repeat the sucrose density

gradient centrifugation steps to ensure the removal of any contaminants. The purity of isolated fungal cells was validated by both

microscopy and PCR amplification of abundant plant genes (OEP6, GRF10,PRO5).
e3 Cell Host & Microbe 32, 1–13.e1–e6, January 10, 2024
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Vector construction and transgenic plants
For assembly of the constructs expressing Arabidopsis genes driven by their native promotor, the gene (SAG21) 3’ untranslated re-

gion (UTR) was amplified with gene-specific primers (Table S5) modified to contain restriction enzyme recognition sites to amplify the

gene from gDNA ofCol-0. PCR products were purified and digested with restriction endonucleases and ligated into the same restric-

tion sites in the plasmid pENTR-YFP to generate pENTR-YFP-SAG21-3’UTR. The YFP had first been introduced into pENTR

vector using restriction endonucleases. 1685 bp of the SAG21 5’ upstream region, containing the native promoter (NP)

coupled with the gene protein coding sequence (CDS) region were amplified from gDNA of Col-0, PCR products were introduced

into pENTR-YFP-SAG21-3’UTR plasmid using restriction endonucleases to create pENTR-NP-SAG21-YFP-3’UTR, and recombined

with pEarleyGate 302 (PEG302)74 for expression of C-terminal YFP fusion proteins (pSAG21::5’UTR-SAG21-YFP-3’UTR). The

construct (pAPS1::5’UTR-APS1-YFP-3’UTR) for expressing APS1-YFP fusion protein driven by its native promotor (1500 bp) was

achieved similar to SAG21-YFP as described above.

For generating constructs expressing Arabidopsis genes driven by 35S promotor, SAG21 with UTR was amplified as described

above and ligated into PENTR-YFP to generate pENTR-5’UTR-SAG21-YFP-3’UTR, and recombined with pEarleyGate 100

(PEG100)74 for expression of C-terminal YFP fusion proteins (35S::5’UTR-SAG21-YFP-3’UTR). Arabidopsis mutant transcripts

(mSAG21 and mAPS1) were generated using overlap PCR, in which a stop code was introduced in position 83aa (mSAG21) or

171aa (mAPS1). The constructs for expressing APS1-YFP, mSAG21-YFP or mAPS1-YFP driven by 35S promotor were achieved

similar to SAG21-YFP as described above.

For generating constructs expressing Arabidopsis or N. benthamiana C-terminally tagged 3WJ-4xBro fusion transcripts,

3WJ-4xBro DNA sequences were artificially synthesized (GeneScript) and cloned into the plasmid pENTR using restriction endonu-

cleases digestion to form pENTR-3WJ-4xBro. The Arabidopsis genes were amplified from cDNA of Col-0, with restriction enzyme

recognition sites at both termini. PCR products were purified and ligated into pENTR-3WJ-4xBro. The entry clones were recombined

with PEG100 for expression of C-terminal 3WJ-4xBro fusion transcripts (35S::5’UTR-SAG21-3WJ-4xBro-3’UTR; 35S::5’UTR-APS1-

3WJ-4xBro-3’UTR; 35S::5’UTR-PRXIIC-3WJ-4xBro-3’UTR; 35S::5’UTR-HEL-3WJ-4xBro-3’UTR; 35S::5’UTR-OEP6-3WJ-4xBro-

3’UTR;). All constructs were electroporated into Agrobacterium tumefaciens strain GV3101 for expression in planta.

B. cinerea transformation vector construction and transformation
The entry clones of Arabidopsis genes (SAG2, APS1, mSAG21 and mAPS1) were recombined with vector PB-HPH, driven by the

constitutive promotor oilC carrying the Escherichia coli hygromycin phosphotransferase gene (hph) conferring hygromycin B resis-

tance. The specific primers 1-5-S, 1-3-A (Table S5) were used to amplify dsDNA fragments contain promotor oilC, inserted genes and

hph for B. cinerea transformation.

Transformation of B. cinerea was achieved using a modified homologous recombination protocol as follows.75 Briefly, young hy-

phae were collected from overnight culture of B. cinerea grown in yeast extract peptone dextrose (YEPD) and washed twice in KCl

buffer (0.6 M KCl, 50 mM CaCl2, PH 6). Protoplasts were generated with 2 % (w/v) Lysing Enzymes from Trichoderma harzianum

(Sigma) in KCl buffer, and incubated for 2-3 h at room temperature with shaking at 80 rpm. The digested solution was filtered using

70 mmcell strainer (Thermo Fisher). Protoplasts were pelleted by centrifugation at 1,0003 g for 3min at 4 �C,washed twice in ice cold

KCl buffer and once in STC buffer (800mMSorbital, 50 mM Tris, 50 mMCaCl2), resuspended in STC buffer to a final concentration of

108 protoplasts ml-1, with adding 1/5 volume of 40 % PSTC solution (Polyethylene glycol (PEG) in STC buffer (w/v)) slowly. 30 mg

dsDNA were well mixed with 5 mM spermidine and 1mL prepared protoplasts were maintained on ice for 30 mins. 1 mL 40 %

PSTC solution was added to the mixture and gently mixed, then incubated for 20 min at room temperature. For protoplast regener-

ation, the mixture was incubated in 20 mL RM medium (1L contains 1g Yeast extract, 1g Casamino acid, 274g Sucrose, PH 6.5) for

12-16 h at room temperature (RT) with gentle shaking. Protoplasts were mixed with Potato Dextrose Agar (PDA) medium containing

50 mg/ml of hygromycin B and spread on 90 mm plates. After 3 days of incubation at room temperature, regenerated colonies of

B. cinerea were individually transferred to fresh MEA medium containing 50 mg/ml of hygromycin B for further analysis.

Translating Ribosome Affinity Purification (TRAP) and puromycin treatment
Arabidopsis leaves were infected by B. cinerea transformants expressing BcRPL23-YFP for 36 h, frozen in liquid nitrogen, and pul-

verized infected leaf tissue (2 g) was homogenized in 4mL of polysome extraction buffer (PEB, 200mMTris-HCl, pH 7.5, 200mMKCl,

25 mM EGTA, 36 mMMgCl2, 1% (v/v) Triton X-100, 1% (v/v) Tween 20, 1% (w/v) Brij-35, 1% (v/v) Igepal CA-630, 5 mM dithiothreitol

(DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) ,50 mg mL-1 cycloheximide).

All procedures were performed at 4 �C. After clarification by centrifugation at 16,000xg for 15 min, and approximately 8 mL super-

natant were incubated with 200ml GFP-Trap�magnetic beads (ChromoTek) at 4 �C for 2 h with gentle shaking. This was followed by

washing the beads three times in 1 mL wash buffer (200 mM Tris-HCl, pH 7.5, 200 mM KCl, 25 mM EGTA, 36 mMMgCl2, 5 mM DTT,

50 mgmL-1 cycloheximide). The magnetic beads were subjected to RNA extraction with TRIzol (Thermo Fisher) or stored at -80 �C for

immunoblotting.

For puromycin treatment, B. cinerea cells were isolated from infected plant leaves, fungal cell lysates were prepared in PEB

(exclude cycloheximide) as above. The lysates were centrifuged at 12,000 rpm for 5 min at 4�C after incubation on ice for 10 min.

Sodium deoxycholate was added to the supernatant at a concentration of 0.5%, and the mixture was then placed on ice for

5 min. The remaining insoluble materials were removed by centrifuging at 12,000 rpm for 15 min at 4�C. Then 1.0 mg/mL Puromycin

(Sigma) was added to the half volume of lysates and incubated for 30 min at room temperature, the other half lysates without
Cell Host & Microbe 32, 1–13.e1–e6, January 10, 2024 e4
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Puromycin as a control. The lysates (0.5 mL) were layered on 4.4 mL of a 15% to 55% sucrose density gradient with 1.0 mg/mL Pu-

romycin. Samples were centrifuged in a SW55Ti rotor (Beckman) at 45,000 rpm for 65 min at 4�C. 10 fractions (480 mL each) were

collected after centrifuge. Fractions 1 to 10 were collected as progressive increase. RNA was isolated from each fraction and

used for RT-PCR.

Immuno-isolation of EVs
The apoplastic wash fluids (AWF) were extracted from four-week-old Arabidopsis leaves by vacuum infiltration with buffer (20 mM

2-(N-morpholino) ethanesulfonic acid (MES), 2 mM CaCl2, 0.1 M NaCl, pH 6.0) and centrifuged for 10 min at 900 g. Then it was

cleaned by centrifugation at 2, 000 g for 20 min, filtered through a 0.22 or 0.45 mm filter, and centrifugation at 10,000 g for

30 min.10 The cleaned AWF was used to obtain the EVs by centrifugation at 100,000 g for 1h (4 �C, Optima� TLX Ultracentrifuge,

Beckman Coulter, Indianapolis IN). The 100 000 g pellets (P100) were re-suspended in 500 ml immunoprecipitation (IP) buffer

(50 mM Tris–HCl, pH 7.5; 150 mM NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA, proteinase inhibitor cocktail; Sigma). Protein A

agarose beads were directly coupled to a-TET8 (10:1 (v/v)) by shaking incubation for 4-8 h at 4 �C. Free TET8 antibodies were

removed with three times washing in IP buffer amended with 1 % Bovine Serum Albumin (BSA). Coupled agarose beads were

well mixed with re-suspended pellets (1:20 v/v) and incubated for 4-8 h at 4 �C with gentle inverse shaking. The agarose beads

were washed twice to remove non-specific binding, followed by RNA extraction or immunoblotting assay.

Immunoprecipitation and immunoblotting assays
a-GFP Nanobody/ VHH conjugated to magnetic agarose beads (Chromotek) was used to immunoprecipitate RPL23-YFP from

B. cinerea transformants expressing. Lysis buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5 % Nonidet� P40 Sub-

stitute, proteinase inhibitor cocktail; Sigma) was used to extract total protein using the manufacturer’s protocol. 25 ml equilibrated

beadswere added into 1mL and rotated end-over-end for 1.5 h at 4 �C, followed by beads-protein complex washingwithwash buffer

(10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.05%Nonidet� P40 Substitute, 0.5 mM EDTA) for three times. Beads were boiled for 10 min

at 95 �C to dissociate immunocomplexes from beads for mass spectrometry or immunoblotting assay.

A. thaliana transgenic leaves orN. benthamiana leaves transiently expressing tagged fusion proteins were ground in liquid nitrogen,

and resuspended in 2X sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer (100mM Tris,

4% SDS, 20 % glycerol, and 0.2 % bromophenol blue), and then separated on a 12 % SDS-PAGE gel with a 4 % stacking gel. Gel

blotting onto nitrocellulose membrane, Ponceau staining, membrane blocking and washing steps were carried out as described by

Mclellan et al.76 a-mRFP primary antibody (Sigma-Aldrich) was used at 1: 2000 dilution, a-GFP antibody (Roche) was used to detect

the YFP-fused proteins with 1: 2000 dilution. Secondary antibodies anti-mouse immunoglobulin G (IgG) horseradish peroxidase

(HRP) or anti-rabbit IgG HRP (Abcam) were used at 1: 5000 dilutions. Native TET8, PR1 and Tic40 proteins were detected by rabbit

polyclonal a-TET8 (1:1000 dilution), rabbit polyclonal a-PR1 (Agrisera, AS10687, 1:1000 dilution), rabbit polyclonal a-Tic40 (PhytoAB,

PHY0461A, 1:2000 dilution) and rabbit polyclonal a-Tim17 (PhytoAB, PHY0536A, 1:2000 dilution) antibodies, respectively. Protein

bands on immunoblots were detected using ECL substrate (Thermo Scientific Pierce, Rockford, IL, USA) using the manufacturer’s

protocol.

Nuclease and proteinase K protection assay
EVs were isolated from A. thalianawere treated with 10 U of micrococcal nuclease (MNase) or proteinase K to clarify whether mRNAs

are protected by EVs. The detailed procedure was described previously.26

RT-PCR and gene expression analyses
RNA was extracted using TRIzol reagent according to the manufacturer’s instructions. DNA contamination was removed using

DNase I (Roche; 1 U mg-1 RNA at 37 �C for 30 min) based on the manufacturer’s protocol. First-strand cDNA was synthesized by

reverse transcription (RT) with Superscript III (Invitrogen) following the manufacturer’s recommendations. Full- length plant mRNA

transcripts were amplified from translation start code to stop code. Quantitative RT-PCR was carried out with the CFX384 real-

time PCR detection system (Bio-Rad) using the SYBR Green mix (Bio-Rad). The primer sequences used in the reactions are listed

in Table S5.

Confocal microscopy
Plant leaf pieces were mounted on slides and imaged using a Leica TCS SP5 confocal microscope (Leica Microsystems), and

water dipping lenses. YFP was imaged with 514 nm excitation and emissions collected between 500 and 550 nm. Imaging of

mCherry, FM4-64 and MITO-ID were conducted using 594 nm excitation and emissions were collected between 600 and

630 nm. 3WJ-4xBro was imaged with 488 nm excitation and emissions collected between 500 and 550 nm. N. benthamiana

leaf tissue was usually imaged 2 d after A. tumefaciens infiltration, except imaging fusion transcripts tagged with 3WJ-4xBro

in planta, which was imaged after 4 days of infiltration. The leaves were incubated with 10 mM DFHBI-1T by infiltration for

16 h before imaging. For EV imaging, freshly prepared EVs fractions were incubated with 10 mM DFHBI-1T for 30 mins at

room temperature.
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Transmission electron microscopy (TEM)
Arabidopsis EVs were imaged using negative staining. Specifically, 10 ml of the EV sample was carefully deposited onto 3.0 mm cop-

per Formvar-carbon-coated grids (TED PELLA) for 1 min. Excess sample was gently removed from the grids using filter paper to

ensure optimal visualization. Following this, the grids were subjected to a staining process involving 1% uranyl acetate. Subse-

quently, the samples were allowed to air-dry before imaging. The JEM-1400plusTEM, operating at 100 kV, to capture high-resolution

images of the EVs.

Nanoparticle Tracking Analysis (NTA)
We employed a NanoSight NS300 equipped with a blue laser operating at 405 nm and NanoSight NTA software version 3.1, devel-

oped by Malvern Panalytical. This advanced system allowed us to precisely assess the size distribution and concentration of EVs

isolated from Arabidopsis leaves. The procedure involved diluting the EV samples by a factor of 50 with a phosphate-buffered saline

solution. Subsequently, the diluted samples were introduced into the flow cell at a consistent flow rate of 50 units. To ensure robust

and accurate measurements, four 60-second videos were recorded for each sample. These videos were then analyzed to determine

the size distribution and concentration of the EVs.

Assay to measure transcript delivery and translation from EVs
EVs were isolated from uninfected transgenic A. thaliana lines expressing SAG21-3WJ-4xBro, APS1-3WJ-4xBro,OEP6-3WJ-4xBro,

SAG21-YFP, APS1-YFP, mSAG21-YFP, or mAPS1-YFP fusion transcripts. B. cinerea conidia were collected from 10 days old PDA

plates. 106 conidia were incubated in 200 ml RMmedium for 4-5h at RT with gentle shaking. EVs which were isolated from transgenic

plants expressing fused transcripts were treated with 30 mM DFHBI-1T for 30 mins before mixing with geminated conidia, then

washed with 1ml KCl buffer containing 1% Triton X-100 three times before imaging or RNA extraction. Samples containing YFP tran-

scripts were collected at 24 h before imaging or immunoblotting.

B. cinerea in vitro growth assay
B. cinerea transformants were maintained in PDA medium containing 50 mg/ml of hygromycin B. 10 ml droplets with concentration of

104/ml spores were inoculated on each 90 mm plate. The photos were took at 60 h.

RNA-seq and data analysis
Samples for RNA-seq: Col-0 leaves infected by B. cinerea; EVs isolated from Col-0 infected by B. cinerea or mock; TRAP of Col-0

either infected or mixed with in vitro cultured B. cinerea transformants expressing RPL23-YFP. Total RNAs were extracted from the

above samples using the TRIzol reagent and treated with DNase I. 1mg total RNAs from each sample was used for library preparation,

NEB Next Poly(A) mRNA Magnetic Isolation Module kit (NEB #E7490) coupled with NEBNext� Ultra� Directional RNA Library Prep

Kit (NEB #E7420) were used to make libraries for Illumina sequencing based on the manufacturer’s protocols. Data analysis: To

assess and visualize the quality of raw reads, FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and

MultiQC64 were applied. The RNA-seq data was of high quality and no trimming was required. RNAseq reads were mapped to a

concatenated genome composed of A. thaliana (TAIR10) and B. cinerea B05 (ASM83294v1) using STAR (v. 2.7.5a).65 The aligned

reads were quantified at the gene level using the featureCounts function of the Rsubread package.66 Ribosomal and other non-cod-

ing genes were filtered out from the analysis. The edgeR package in R75 was used to perform differential gene expression analysis.

Sample-type specific cutoffs and normalization strategies were performed as follows. TRAP libraries: genes with at least 100 CPM

(counts per million) in all three libraries were kept. For Arabidopsis protein-coding genes RPKM expression values were calculated

first using Botrytis ribosomal gene counts as a normalization factors. Differentially expressed genes were defined with a log2 fold-

change significantly greater than 1.5 (using the glmTreat function)77 and FDR-adjusted P-value < 0.05. At_Total and At_EVs libraries:

genes with at least 3 CPM in all three libraries were condisered. The rpkm function of the edgeR package47 was used to obtain

normalized RPKM expression values. Signal peptides were predicted using the stand-alone software package of signalP (v. 5.0b).68

QUANTIFICATION AND STATISTICAL ANALYSIS

Ordinary one-way ANOVA using Dunnett’s multiple comparisons test was used for statistical evaluation between multiple groups

containing independent variables. The unpaired T-test was used for statistical evaluation between two groups. For all experiments,

the exact number of experimental replicates was noted in the corresponding figure legends. Statistical analysis was performed using

GraphPad Prism 9.3.1. P-values less than 0.05 were considered statically significant.
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