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ABSTRACT

Mycoviruses are viruses that infect fungi, and hypovirulence-associated mycoviruses have the potential to

control fungal diseases. However, it is unclear how mycovirus-mediated hypovirulent strains live and sur-

vive in the field, and no mycovirus has been applied for field crop protection. In this study, we found that a

previously identified small DNAmycovirus (SsHADV-1) can convert its host,Sclerotinia sclerotiorum, from a

typical necrotrophic pathogen to a beneficial endophytic fungus. SsHADV-1 downregulates the expression

of key pathogenicity factor genes in S. sclerotiorum during infection. When growing in rapeseed, the

SsHADV-1-infected strain DT-8 significantly regulates the expression of rapeseed genes involved in de-

fense, hormone signaling, and circadian rhythm pathways. As a result, plant growth is promoted and

disease resistance is enhanced. Field experiments showed that spraying DT-8 at the early flowering stage

can reduce the disease severity of rapeseed stem rot by 67.6% and improve yield by 14.9%. Moreover, we

discovered that SsHADV-1 could also infect other S. sclerotiorum strains on DT-8-inoculated plants and

that DT-8 could be recovered from dead plants. These findings suggest that the mycoviruses may have

the ability to shape the origin of endophytism. Our discoveries suggest that mycoviruses may influence

the origin of endophytism and may also offer a novel strategy for disease control in which mycovirus-in-

fected strains are used to improve crop health and release mycoviruses into the field.
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INTRODUCTION

Fungal pathogens have repeatedly caused catastrophic crop los-

ses, leading to human famine throughout history. They can

destroy ecosystems and threaten food security and human

health (Fisher et al., 2012). Some fungi are also human

pathogens and can be lethal to patients who suffer from

immunodeficiency (Fisher et al., 2018). Furthermore, as new

fungal plant pathogens emerge regularly, the worldwide

distribution of known plant diseases is changing with both

global climate change and increasing trade, and fungicide

resistance is reducing the effectiveness of disease control.

These and other issues cause concern for future global food
1420 Molecular Plant 13, 1420–1433, October 5 2020 ª The Author 202
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security (Pounds et al., 2006; Singh et al., 2011; Fisher et al.,

2012; Inoue et al., 2017). There is therefore an increasing need

for reliable, novel antifungal control methods that are both

sustainable (environmentally friendly) and efficient.

Mycoviruses, also called fungal viruses, are viruses that infect

fungi and replicate in fungal cells; recent discoveries indicate

that mycoviruses are very common in fungi from diverse niches

(Ghabrial et al., 2015). Mycoviruses are very likely to play
0.
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:daohongjiang@mail.hzau.edu.cn
https://doi.org/10.1016/j.molp.2020.08.016
http://creativecommons.org/licenses/by-nc-nd/4.0/


A Mycovirus Switches a Pathogen to an Endophyte Molecular Plant
important roles in the physiology of their hosts and,

consequently, in ecosystems (Márquez et al., 2007; Xie and

Jiang, 2014; Son et al., 2015; Andika et al., 2017; Nerva et al.,

2017; Garcı́a-Pedrajas et al., 2019; Bian et al., 2020).

Hypovirulence-associated mycoviruses are ideal biological con-

trol agents because they often have narrow host ranges

(Webber, 1981; Anagnostakis, 1982; Choi and Nuss, 1992;

Milgroom and Cortesi, 2004). However, to our knowledge,

despite the discovery of the first mycoviruses six decades ago,

there are few successful examples of mycovirus-mediated bio-

logical control in the laboratory, and no mycovirus has been

developed as a commercial product to control fungal diseases

of crops in the field (Milgroom and Cortesi, 2004; Xie and Jiang,

2014). The complicated vegetative incompatibility system of

fungal hosts that suppresses the transmission of molecular

parasites (including mycoviruses) in fungal populations and the

lack of transmission vectors for mycoviruses are key factors

that constrain their adaptation (Anagnostakis, 1982; Milgroom

and Cortesi, 2004; Zhang and Nuss, 2016). The survival of

mycovirus-infected strains in natural conditions as hypovirulent

strains, which can grow on plants without killing them, is also

very important for successful biocontrol with mycoviruses

(Anagnostakis, 1982; Milgroom and Cortesi, 2004). Unlike fruit

trees, most annual crop plants are small and thin, and are often

killed by pathogens in a very short time, so protection must be

rapid as well as durable. Hence, novel strategies must be

developed before mycoviruses can be used commercially as

fungal disease controls for crops.

Sclerotinia sclerotiorum is a typical necrotrophic pathogen with

numerous hosts, including many economically important crops

such as rapeseed, soybean, and sunflower (Bolton et al., 2006;

Amselem et al., 2011). S. sclerotiorum has developed intricate

mechanisms to attack its hosts (Xu et al., 2018; Chen et al.,

2020) whereby lesions develop and the host is killed within a

few days. S. sclerotiorum can infect the aerial parts of plants by

means of ascospores that initially infect petals and wounded or

senescent tissue; it can also infect roots or stem bases by

means of infectious hyphae that germinate from sclerotia in the

soil (Bolton et al., 2006). Because no resistant cultivars are

available, S. sclerotiorum causes huge losses every year, and

rapeseed stem rot, the disease caused by this fungus, is

considered to be the major disease of rapeseed (Derbyshire

and Denton-Giles, 2016).

In a previous study, we identified a small circular single-

stranded DNA virus, Sclerotinia sclerotiorum hypovirulence-

associated DNA virus 1 (SsHADV-1) from a hypovirulent strain

(DT-8) of S. sclerotiorum (Yu et al., 2010). SsHADV-1 belongs

to the species Sclerotinia gemycircularvirus 1 and was used as

an exemplar species to establish a family, Genomoviridae

(Krupovic et al., 2016). We found that SsHADV-1 could spread

efficiently among vegetatively incompatible individuals of its

host species, and its particles could infect S. sclerotiorum hy-

phae directly. Importantly, a suspension of hyphal fragments

from the SsHADV-1-infected strain Ep-1PNA367 could protect

plants against S. sclerotiorum infection when applied during

the full bloom stage of rapeseed (Yu et al., 2010, 2013). Later,

we discovered that SsHADV-1 could utilize a mycophagous in-

sect as a transmission vector (Liu et al., 2016). These features

make SsHADV-1 an ideal biocontrol agent against diseases
Molec
caused by S. sclerotiorum in several agriculturally important

crops worldwide.

Previously, we found that SsHDAV-1 DNA could be found in rape-

seed pods when the virus-infected strain was sprayed on plants

during the bolting stage, approximately 2 months before rape-

seed maturation. This phenomenon indicated that the infected

strain could grow on rapeseed. In this study, we demonstrate

that SsHADV-1, with only a 2-kb DNA genome, has major effects

on its fungal host, suppressing the production of pathogenicity

factors by the host fungus and conferring on it the ability to

manipulate plant defenses and hormone function. This stimulates

plant growth and enhances resistance to infection by fungal path-

ogens. Furthermore, our field tests show that the virus-infected

strain can be used as a ‘‘plant vaccine’’ to enhance the seed yield

of rapeseed and promote virus transmission.
RESULTS

An SsHADV-1-Infected Strain Grows Endophytically in
Rapeseed

Previously, we successfully detected the DNA of SsHADV-1 in

rapeseed pods and inferred that the SsHADV-1-infected strain

could grow on rapeseed. Hence, we conducted laboratory exper-

iments to follow its infection biology. We either

inoculated rapeseed seeds or sprayed aerial parts of rapeseed

plants with hyphal fragments of DT-8 and allowed them to grow

in garden soil or in Murashige and Skoog agar medium (MSA).

We successfully detected SsHADV-1 by PCR amplification of

aerial plant parts (hypocotyls, shoots, and leaves) and roots of

DT-8-inoculated plants growing in soil (Supplemental Figure 1C

and 1D) and on MSA tissue culture medium (Supplemental

Figure 1A and 1B).

We inoculated mCherry-labeled DT-8RFP on rapeseed leaves and

stained them with wheat germ agglutinin (WGA). Under a

confocal microscope, we observed that mCherry-labeled DT-

8RFP formed compound appressoria and grew on the surface

and under the epidermal cells of leaves without causing any le-

sions (Supplemental Figure 2A and 2B). Unlike DT-8, the virulent

strain DT-8VF (a virus-free strain obtained by hyphal-tip subcul-

ture from DT-8) formed compound appressoria on leaves before

12 h post-inoculation (hpi). Lesions formed at 18 hpi, leaf cells

were killed immediately, and vigorous hyphae grew at the front

of lesions (Supplemental Figure 2C, 2D, and 2E).

The hyphae of DT-8RFP could also be observed on the surface, in

the intercellular spaces, and in the cells of rapeseed roots

(Figure 1A), and hyphae could pass through living cells

(Figure 1B). Some hyphae on root surfaces or in the cortex

were distorted and swollen (Figure 1C). By contrast, the virus-

free strain DT-8VF grew rapidly when inoculated on rapeseed

roots, causing root rot in 48 h and filling the root tissue with hy-

phae (Figure 1D). Under a scanning electron microscope (SEM),

we observed that the DT-8 hyphae grew together into a mass

and appeared to be swollen in the root cortex (Figure 2A, 2C,

and 2D). They crossed through cortical cells as filamentous

hyphae (Figure 2A and 2B), whereas no hyphae were

observed in the rootlets of non-inoculated plants (Figure 2E

and 2F).
ular Plant 13, 1420–1433, October 5 2020 ª The Author 2020. 1421



Figure 1. Endophytic Growth ofS. sclerotio-
rum Hypovirulent DT-8 in Rapeseed.
(A–C) (A) Strain DT-8RFP growing in a rootlet; (B)

Strain DT-8RFP growing in a rootlet cell and

crossing to neighboring cells; (C) swollen and

distorted hyphae. Endophytic growth of DT-8RFP

was observed on the roots of 14-day-old plants

that had been inoculated with DT-8RFP.

(D) The virulent strain DT-8VFRFP infected the root

and killed all root tissue by 48 hpi. Samples were

stainedwithWGA before observation, and hyphae

were observed under a confocal microscope.
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We also used another SsHADV-1-infected strain, Ep-1PNA367V,

to inoculate rapeseed roots and leaves. This strain originated

from the infection of the virulent strain Ep-1PNA367 with purified

virus particles of SsHADV-1. Like DT-8, Ep-1PNA367V formed

compound appressoria on leaf surfaces and grew on and in

leaves (Supplemental Figure 3A and 3B); it could also invade

and grow directly in roots (Supplemental Figure 4A–4C).

However, like the virus-free strain DT-8VF, the virulent strain

Ep-1PNA367 infected rapeseed leaves (Supplemental

Figure 3C–3E) and roots (Supplemental Figure 4D) normally.

Based on these results, we concluded that the SsHADV-1-

infected strains DT-8 and Ep-1PNA367V exhibited endophytic

growth in rapeseed without causing obvious harm.
SsHADV-1 Downregulates the Expression of Virulence-
Associated Genes in DT-8

We used the virus-free virulent strain DT-8VF as a control for

DT-8 to investigate the potential mechanisms by which

SsHADV-1 changes its host’s lifestyle from that of a necrotro-

phic pathogen to that of an endophytic fungus in rapeseed.

We compared fungal gene expression between DT-8 and DT-

8VF on rapeseed leaves that were easily attacked by S. sclero-

tiorum or on potato dextrose agar (PDA) medium. For DT-8 on

rapeseed leaves, we found 571 differentially expressed genes

(DEGs) that were upregulated at all three stages tested (12,

18, and 24 hpi) and 392 DEGs that were downregulated at all

stages tested. On PDA medium, we found 528 upregulated

and 207 downregulated DEGs (Supplemental Figure 5A and

5B). For DT-8 grown on the two types of substrate, there
1422 Molecular Plant 13, 1420–1433, October 5 2020 ª The Author 2020.
were 106 common upregulated DEGs,

which represented 18.6% of the upregu-

lated DEGs on leaves and 20.1% of the up-

regulated DEGs on PDA medium. Likewise,

there were 41 common downregulated

DEGs, which represented 10.5% of the

downregulated DEGs on leaves and

19.8% of the downregulated DEGs on

PDA medium (Supplemental Figure 5C).

Using KEGG (Kyoto Encyclopedia of Genes

and Genomes) pathway enrichment and

FungiFun (Priebe et al., 2015) programs, we

found that genes in pathways such as cell

cycle and DNA process, DNA replication

and repair related pathways, and cell
rescue/defense and virulence were significantly upregulated

and may have been involved in virus replication, as they were up-

regulated when DT-8 grew on leaves or PDA medium

(Supplemental Figure 6). On both substrates, most

downregulated genes were involved in metabolic pathways

such as starch and sucrose metabolism (cellulose metabolism)

(Supplemental Figure 6).

Plant cell wall-degrading enzymes (PCWDEs) play essential roles

in the virulence ofS. sclerotiorum. Thewell-studied PCWDEs inS.

sclerotiorum are polygalacturonases (PGs), including endo-PGs

(Sspg1, Sspg3, Sspg5, and Sspg6) and exo-PGs (Ssxpg1 and

Ssxpg2). In addition, the PCWDEs endo-b-1,4-glucanase

(Endo2) and endo-b-1,4-xylanase (SsXyl1) also play an important

role in the virulence of S. sclerotiorum (Xu et al., 2018). Compared

with the virulent strain DT-8VF, DT-8 showed downregulated

expression of Sspg1, Sspg3, Ssxpg1, Ssxpg2, Endo2, and

SsXyl1. Two endo-PG genes, Sspg5 and Sspg6, were upregu-

lated in DT-8. Their expression has been reported in the late stage

of infection by virulent strains: Sspg5 was expressed at 48–

72 hpi, and Sspg6 was expressed after 24 hpi (Xu et al., 2018).

The plant cell wall (PCW) consists mainly of cellulose, hemicellu-

lose, pectin, and lignin. In addition to KEGG pathway and Gene

Ontology (GO) annotation, further investigations were performed

on other S. sclerotiorum PCWDEs that respond to different com-

ponents of the PCW. Compared with DT-8VF, DT-8 showed

downregulated expression of almost all cellulose- and most

hemicellulose-related PCWDE genes. Approximately half the

pectin- and lignin-related PCWDE genes were downregulated,

and roughly half of these genes were upregulated in DT-8 at



Figure 2. Cross-Section of S. sclerotiorum
Hypovirulent DT-8 Growing in a Rootlet of
Rapeseed.
(A–D) (A) DT-8 inoculated plant; (B and C) en-

largements of dotted boxes (i) and (ii) in (A),

respectively; (D)enlargementof dottedbox (iii) in (C).

(EandF) (E)Mock-inoculatedplant; (F)enlargement

of dottedbox (iv) in (E).Hyphae (hy) were observed in

plant cells under SEM. Inoculated or non-inoculated

plants were grown on MSA in tissue culture bottles

before being sampled.
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different sampling stages after inoculation on rapeseed leaves

(Supplemental Figure 7B). Expression of the putative S.

sclerotiorum PCWDE genes identified by Lyu et al. (2015) was

also analyzed and showed essentially the same patterns

(Supplemental Figure 7A).

The compound appressorium is essential for S. sclerotiorum infec-

tion of host tissues. Several genes, such as SMK3, Ss-caf1, Ss-

ggt1, Ss-odc2, Ss-rhs1, Ss-pth2, Ss-nsd1, and Ss-sac1, are

involved in the formation of compound appressoria (Li et al.,

2018; Xu et al., 2018). Here, the expression of these genes

changed only slightly in DT-8 compared with DT-8VF at different

sampling stages after leaf inoculation (Figure 3B–3D). These

results were consistent with the observed ability of DT-8 to form

compound appressoria, which are required for penetration of

healthy plant tissue (Supplemental Figure 2B) and probably for

the invasion of rapeseed tissue.

Effectors or effector-like small secretory proteins are very impor-

tant for the suppression of pathogen-associated molecular

pattern-triggered immunity by pathogens in the host plant.

Several effector-like proteins, such as Ss-Cmu1, Ss-ITL, Ss-

SSVP1, SsCP1, Ss-Rhs1, and ssv263, have proven to be

important for the full virulence of S. sclerotiorum (Xu et al.,

2018). We found that the expression of all these genes was

downregulated in DT-8 (Figure 3C). In S. sclerotiorum, cutinase
Molecular Plant 13, 1420–14
(Sscut) has been identified as an elicitor

that can stimulate plant resistance (Xu

et al., 2018). Interestingly, expression of

the cutinase-encoding geneSscutwas

significantly upregulated during inoculation

with DT-8 (Figure 3A). Oxalic acid is

a pivotal pathogenicity factor of S.

sclerotiorum that decreases ambient pH to

facilitate the activity of PCWDEs (Xu et al.,

2018). Ss-Oah1 and Ss-Mls1, the key

genes of oxalic acid biosynthesis, were

upregulated at 12 hpi. By contrast, Ss-

odc1, Ss-odc2, and Ss-pac1, genes

involved in oxalic acid degradation, were

significantly upregulated at 24 hpi

(Figure 3D), suggesting that the

synthesized oxalic acid would soon be

degraded. In addition, SsSaxA was

downregulated approximately 2-fold in DT-

8 when infecting leaves. Its product, isothio-

cyanate hydrolase, degrades plant isothio-

cyanate and contributes to the virulence of
S. sclerotiorum on glucosinolate-producing plants (Chen et al.,

2020). These results suggested that the production of virulence

factors was suppressed in DT-8 and that resistance of rapeseed

was induced to inhibit the destructive growth of DT-8 in plants

during infection. This may explain how (or indeed why) DT-8

switches from a pathogen to an endophyte.
Strain DT-8 Slightly Changes the Gene Expression in
Rapeseed Shoots

DT-8 altered gene expression patterns of rapeseedwhen living on

the plant as an endophyte. Only 348 of more than 100 000 rape-

seed genes were differentially expressed in inoculated plants

comparedwith non-inoculatedplants: the change in gene expres-

sionwas therefore slight. Among theDEGs, 258were upregulated

and 90 were downregulated at least 1.5-fold (Supplemental

Figure 8A). The DEGs were analyzed by KEGG enrichment

(Figure 4), GO term analyses (Supplemental Figure 8C), and

MapMan analysis (Supplemental Figure 8B), and all three

programs showed similar results. Genes that encoded

components of plant–pathogen interaction pathways, mitogen-

activated protein kinase (MAPK) signaling pathways, plant hor-

mone signal transduction pathways, cutin/suberin and wax

biosynthesis, and circadian rhythmpathways showed expression

differences in DT-8-inoculated plants. These DEGs encoded key

proteins that play critical roles in their associated pathways.
33, October 5 2020 ª The Author 2020. 1423



Figure 3. The Expression Profile of Well-Studied Pathogenicity-Associated Genes in Strains DT-8 and DT-8VF of S. sclerotiorum.
Cluster analysis was conducted using the expression levels of individual treatment samples, which were measured as log10(RPKM) (reads per kilobase of

transcript per million mapped reads). To calculate the geometric mean of RPKM values, all RPKM values of 0 were replaced by 0.01. The RNA samples

were extracted from hyphae of strains DT-8 and DT-8VF inoculated on rapeseed leaves for 12, 18, and 24 h.

(A–D) (A) Genes encoding cell wall-degrading enzymes; (B) genes encoding effector-like secreted proteins; (C) genes involved in the development of

compound appressoria; (D) genes involved in oxalic acid synthesis. KEGG pathways were obtained from GenomeNet (https://www.genome.jp/) and

Gene Ontology terms from BLAST searching of the NCBI database with Blast2GO. Numbers in parentheses are the gene accession numbers with

‘‘ssclero_’’ removed.
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Ca2+-dependent protein kinases (CDPKs) play versatile roles in

plant immune and stress responses, including oxidative bursts,

stomatal movement, hormonal signaling, and gene regulation

(Boudsocq and Sheen, 2013). CMLs (calmodulin-like genes),

which encode prototypical Ca2+ sensors, have been proven to

respond to different stimuli (McCormack et al., 2005; Bourdais

et al., 2015). CML24, CML27, CML38, and CML39 respond to a

variety of stimuli, including biotic and abiotic stresses and

hormone and chemical treatments (McCormack et al., 2005).

In plants inoculated with DT-8, CDPK28 (BnaA07g12770D)

and CAML24/27/37/38 (BnaA09g53510D, BnaC04g34480D,

BnaUnng00020D, BnaC05g13970D, and BnaC08g17850D)

were significantly upregulated (Figure 4B and 4C).

MKK9, a MAPK kinase, is activated by ethylene and activates an

ethylene-responsive transcription factor in the ethylene signaling

pathway (Yoo et al., 2008). WRKY33 contributes to defense

activation regulated by MAPK cascades through coupling the

kinase from MKS1 (Mao et al., 2011) and is essential for

defense against S. sclerotiorum (Wang et al., 2014, 2015; Wu

et al., 2016; Liu et al., 2018). The ethylene biosynthesis

enzyme ACS (1-aminocyclopropane-1-carboxylate synthase) is

regulated by MPK3/MPK6 cascades and by the transcription

factor WRKY33, which acts downstream (Li et al., 2012). We

found that WRKY33 (BnaA03g17820D, BnaC03g21360D),

MKK9 (BnaC06g23550D), ERF2 (BnaA06g35500D, BnaA02g

25110D, BnaCnng60520D), ACS (BnaA03g23600D), JAZ

(BnaC08g36840D, BnaA09g44300D), IAA (auxin-responsive

protein IAA; BnaC08g43820D, BnaC08g43830D), GA2OX

(gibberellin 2-oxidase; BnaA10g01100D), AOC (BnaA09g19570D,

BnaC09g52550D), and MYC2 (BnaC08g07580D), whose products

function in plant hormone signal transduction pathways, were

significantly upregulated in plants inoculated with DT-8 (Figure 4B

and 4C).

Lignin and glucosinolates are very important substances for

plant resistance (Clay et al., 2009; Denness et al., 2011;
1424 Molecular Plant 13, 1420–1433, October 5 2020 ª The Author 202
Chen et al., 2020). Genes encoding cinnamoyl-CoA

reductase (BnaA02g36250D), peroxidase (BnaA04g23960D,

BnaA07g03710D), and desulfoglucosinolate sulfotransferase

(ST5A) (BnaC06g35000D) were significantly upregulated

(Supplemental Table 1). The latter enzyme functions in the

glucosinolate biosynthetic pathway, and the former two

enzymes participate in the phenylpropanoid biosynthetic

pathway, which is related to lignin synthesis.

Circadian rhythm is closely related to plant growth and develop-

ment (Graf et al., 2010), and the repression of circadian rhythm

mediated by CCA1 and LHY leads to vigorous growth,

increasing the biomass of plant hybrids and allopolyploids

(Ni et al., 2009). DEGs related to circadian rhythm

were downregulated; these included BnaC05g00840D,

BnaA10g00780D, and BnaC03g00040D (identified as LHK by

KEGG) and BnaC04g00590D and BnaA05g01050D (identified

as CCA1 by Blast2GO). By contrast, most DEGs involved in

response to the light stimulus process regulated by circadian

rhythm were upregulated (Supplemental Figure 8C). Thus,

downregulation of DEGs involved in circadian rhythm, including

CCA1 and LHY, and upregulation of DEGs involved in response

to the light stimulus process may explain the growth promotion

of rapeseed treated with DT-8 (Figure 5).
Endophytic Growth of DT-8 Promotes Plant Growth and
Resistance

To investigate whether the endophytic growth habit of strain DT-8

could benefit the health of rapeseed, young rapeseed seedlings

that had germinated from DT-8-inoculated seeds were grown in

pots with sterilized garden soil for 36 days. We found that the

average freshweight of the aerial part ofDT-8-inoculated rapeseed

was 17.15 ± 2.0 g/plant, which was significantly higher than that of

the non-inoculated plants (14.55 ± 1.1 g/plant) (p % 0.01)

(Figure 5A–5C). A similar result was obtained when rapeseed

was grown in bottles withMSA for 21 days: DT-8-inoculated plants
0.
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Figure 4. KEGG Enrichment of DEGs from DT-8-Inoculated Rapeseed Plants.
RNA samples were extracted from the shoots of DT-8-inoculated or non-inoculated plants that had grown in garden soil for 36 days. DEGs from the

comparison of DT-8-inoculated plants to non-inoculated plants were identified based on a 1.5-fold change threshold and FDR % 0.05.

(A) KEGG pathway enrichment of DEGs.

(B) Key DEGs enriched in MAPK signaling and plant–pathogen interaction pathways.

(C) Expression of significant DEGs in plant–pathogen interaction and MAPK signaling pathways examined by qPCR.
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hadmore rootlets than non-inoculatedplants (Figure 5D–5F). Thus,

DT-8 significantly promoted rapeseed growth under laboratory

conditions.

Rapeseed plants inoculated with DT-8 and grown in pots with

sterilized garden soil for 36 days were used to check for resis-

tance to fungal diseases. Plants inoculated with heat-

inactivated DT-8 and mock-inoculated plants were used as

controls. Typical lesions on rapeseed leaves were induced at

48 hpi by the S. sclerotiorum virulent strain 1980. However,

the average lesion diameter on leaves of the DT-8-inoculated

plants was 1.6 ± 0.17 cm, significantly smaller than that of

plants inoculated with heat-inactivated DT-8 (2.2 ± 0.35 cm)

and mock-inoculated plants (2.3 ± 0.28 cm). The latter two

treatments showed no significant difference (Figure 6A and

6E). DT-8-inoculated plants also showed resistance to Botrytis

cinerea strain B05.10, whereby their lesion size was much

smaller than that of mock-inoculated plants (Supplemental

Figure 9).

Furthermore, spraying a suspension of DT-8 hyphal fragments

also protected rapeseed against S. sclerotiorum. Rapeseed

plants were sprayed with hyphal fragments or heat-inactivated

hyphal fragments. After 7 days, the sprayed leaves were inocu-

lated with the virulent strain 1980, and typical lesions were

induced at 48 hpi. The average lesion size on leaves of DT-8-

sprayed plants was 1.2 ± 0.23 cm, which was significantly smaller

than that on leaves of plants sprayed with heat-inactivated DT-8

(2.0 ± 0.19 cm) and mock-inoculated controls (2.2 ± 0.21 cm).
Molec
The lesion sizes of the latter two treatments were not significantly

different (Figure 6C and 6G).

We used the SsHADV-1-infected strain Ep-1PNA367V instead of

DT-8 to inoculate rapeseed seeds or spray rapeseed leaves, and

we found that strong resistance to S. sclerotiorum virulent strain

1980 was again induced. The lesions formed by strain 1980 on

leaves of seed-inoculated and sprayed plants were significantly

smaller than those on plants treated with heat-inactivated hyphal

fragments or mock-inoculated plants (Figure 6B, 6D, 6F, and 6H).

These results suggested that SsHADV-1-infected strains that

lived on rapeseed could enhance its resistance, whereas heat-

inactivated hyphal fragments could not, and suggested that

SsHADV-1 could manipulate its host to promote plant resistance

to virulent strains.
Endophytically Growing DT-8 Functions as a Vaccine on
Plants in the Field

Previously, we found that spraying a hyphal fragment suspension

of SsHADV-1-infected Ep-1PNA367 on rapeseed twice within a

7-day interval during the full bloom stage could significantly sup-

press stem rot and increase seed yield by a largemargin (Yu et al.,

2013). However, such an application is time-consuming and

laborious. It is not feasible in production practice because the

thick rapeseed canopies are virtually impenetrable to hyphal frag-

ment spray, which would therefore not reach the stems where S.

sclerotiorum kills rapeseed plants and eventually leads to yield
ular Plant 13, 1420–1433, October 5 2020 ª The Author 2020. 1425



Figure 5. S. sclerotiorum Hypovirulent
Strain DT-8 Promoted Rapeseed Growth.
(A) DT-8-inoculated and (B) mock-

inoculated rapeseed plants were grown in pots

with garden soil for 36 days at 20�C in a

chamber (scale bars, 10 cm); (C) average fresh

weight of aerial plant parts. S. sclerotiorum hy-

povirulent strain DT-8 promoted the growth of

rapeseed, which showed increased fresh weight

and rich rootlet proliferation. (D) DT-8-inoculated

rapeseed plants; (E) mock-inoculated rapeseed

plants; (F) fresh weight of aerial parts of DT-8-

inoculated plants.

Rapeseed seedlings grew on MSA in tissue cul-

ture bottles for 20 days. *p % 0.01.
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loss. The fact that SsHADV-1-infected strains grew beneficially

on rapeseed encouraged us to try using them in the early stages

of rapeseed growth. Two parallel field experiments were

therefore conducted, one located at Ezhou and the other at

Suizhou, both in Hubei province. We sprayed DT-8 hyphal

fragment suspension on rapeseed plants at the seedling, bolting,

blossom, or post-blossom stage, and found that spraying both

high and low concentrations of suspension significantly improved

seed yield (Supplemental Figure 11A and 11B). At the Ezhou

experimental field, stem rot occurred at moderate levels, but

the occurrence of stem rot was very low at Suizhou. We found

that DT-8 significantly enhanced plant resistance to S. sclerotio-

rum (Supplemental Figure 11C). The low occurrence of stem rot

at Suizhou suggested that DT-8 could also directly stimulate

plant growth. Large-scale field experiments were also conducted

at Ezhou, Xiangyang, and Jingzhou in 2014 and 2015. Spraying

rapeseed with low concentrations of hyphal fragment suspension

at the early blossom stage reduced rapeseed stem rot disease

severity by 30.1%–67.7% and improved seed yield by 6.9%–

14.9% (Figure 6I).

Endophytically Growing DT-8 Could Transmit
Hypovirulent Mycoviruses and Is Recoverable from
Dead Plants

To investigate whether DT-8 growing endophytically in plants

could transmit SsHADV-1 to a vegetatively incompatible virulent

strain of S. sclerotiorum, we inoculated strain 1980-hyg onto the

leaves of plants treated with DT-8. At 14 dpi, we reisolated strain

1980-hyg from the lesions on hygromycin-amended PDA plates

and obtained 13 cultures. Five of these cultures (D1-4, D1-6, D1-

11, D1-12, and D1-13) showed abnormal colony morphology

(fluffy aerial hyphae) compared with strain 1980-hyg

(Supplemental Figure 10A). They also grew more slowly on

PDA than strain 1980-hyg, except for D1-6, D1-12, and D1-13

(Supplemental Figure 10C). Cultures of D1-4, D1-6, and D1-

11 showed weak virulence on detached rapeseed leaves
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(Supplemental Figure 10B and 10D). All 13

cultures were examined with PCR

amplification, and five cultures (D1-4, D1-

6, D1-11, D1-12, and D1-13) were success-

fully shown to carry viral DNA

(Supplemental Figure 10E). However, the

virus titer in these cultures was low,

especially in cultures D1-12 and D1-13,
and their viral DNA could not be observed directly by agarose

gel electrophoresis. These results suggested that endophytic

DT-8 could transfer the SsHADV-1 virus to a vegetatively incom-

patible virulent strain in rapeseed. Thus, strain 1980 induced

smaller lesions in DT-8-inoculated plants than in non-inoculated

plants (Figure 6A and 6E) not only because DT-8 enhanced

rapeseed resistance but also because endophytic DT-8 trans-

ferred SsHADV-1 to 1980, thereby attenuating its virulence.

To determine whether endophytic DT-8 could be recovered from

rapeseed, we cultivated DT-8-treated rapeseed plants in bottles

with MSA. All attempts to recover DT-8 from the healthy or yel-

lowing and chlorotic leaves failed. However, we were able to re-

isolate S. sclerotiorum successfully from dying plants. In one

experiment, 24 plants remained alive (Figure 7A) and eight

plants died (Figure 7B); in another experiment, 17 plants

remained alive after 6 months and six plants died under

circumstances in which all control plants survived. All control

plants were alive, but their appearance was not significantly

different from that of living DT-8-inoculated plants. We found hy-

phae emerging from the dead plants (Figure 7C) and obtained

eight fungal cultures from these hyphae in experiment 1 and six

in experiment 2. Three cultures from experiment 1 and four

cultures from experiment 2 were identified as DT-8. The

remainder were virus-free according to PCR tests and

appeared similar to the virus-free strain DT-8VF, which has lost

the virus and exhibits normal morphology (Figure 7D and 7E).

These results suggest that endophytically growing S.

sclerotiorum can emerge from dead plants in a sterile

environment, albeit not efficiently.

DISCUSSION

In this study, we found that the mycovirus-infected S. sclerotio-

rum strain DT-8 exhibits an endophytic lifestyle in rapeseed after

having lost its virulence, suggesting that mycovirus-mediated



Figure 6. S. sclerotiorum Hypovirulent Strain DT-8 Enhanced the Resistance of Rapeseed Plants.
(A–H) (A) DT-8 and (B) EP-1PNA367V inoculation of seeds promoted the resistance of rapeseed plants to S. sclerotiorum, but inoculation with heat-

inactivated strains did not. Spraying hyphal fragment suspensions of (C) DT-8 and (D) EP-1PNA367V on the leaves protected rapeseed plants

against S. sclerotiorum, but spraying heat-inactivated strains did not. Average lesion size (diameter) of (E) DT-8- and Hi-DT-8-inoculated plants and (F)

EP-1PNA367V- and Hi-EP-1PNA367V-inoculated plants is shown. Average lesion size (diameter) of plants (G) sprayed with hyphal fragment suspensions

of DT-8 and Hi-DT-8 and (H) sprayed with hyphal fragment suspensions of EP-1PNA367V and Hi-EP-1PNA367V is shown. DT-8-inoculated and EP-

1PNA367V-inoculated rapeseed plants were plants whose seeds had been inoculated with DT-8 and EP-1PNA367V; Hi-DT-8-inoculated and Hi-EP-

1PNA367V-inoculated rapeseed plants were plants whose seeds had been inoculated with heat-inactivated DT-8 and EP-1PNA367V. DT-8-sprayed and

EP-1PNA367V-sprayed leaves were leaves of rapeseed that had been sprayed with hyphal fragment suspensions of DT-8 and EP-1PNA367V; Hi-DT-8-

sprayed and Hi-EP-1PNA367V-sprayed leaves were leaves of rapeseed that had been sprayedwith hyphal fragment suspensions of heat-inactivated DT-

8 and EP-1PNA367V. The virulent strain 1980 was inoculated on leaves 7 days after spraying with hyphal fragment suspensions. Lesions induced on

rapeseed leaves by virulent strain 1980weremeasured at 48 hpi (20�Cwith 100% relative humidity). Plants were grown in pots with garden soil for 36 days

at 20�C in a chamber. Different lowercase letters on top of each column indicate significant differences (p % 0.01).

(legend continued on next page)

Molecular Plant 13, 1420–1433, October 5 2020 ª The Author 2020. 1427

A Mycovirus Switches a Pathogen to an Endophyte Molecular Plant



Figure 7. S. sclerotiorum Hypovirulent DT-8 Emerged from Dead Rapeseed Plants.
(A) Living plant grown on MSA in tissue culture bottle for 6 months.

(B) Dead plant grown on MSA for 6 months; all leaves were yellowish and dead.

(C) Enlargement of (B); hyphae (hy) could be clearly observed on the dead plant.

(D) Colony morphology of six fungal cultures isolated by picking hyphae from six dead plants. Colonies were compared with DT-8 and DT-8VF on PDA

plates at 20�C for 4 days.

(E) Virus determination and identification of the cultures. Viral genome DNA (vgDNA) could be extracted from cultures 1 to 4 but not from cultures 5 and 6,

and viral DNA (vDNA) could be amplified with PCR using viral specific primers in cultures 1 to 4. fgDNA, fungal genomic DNA; Ss-ITS, specific partial ITS

segment of S. sclerotiorum.
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hypovirulent strains have alternative lifestyles, such as endo-

phytic growth. The virus-infected strain showed substantial

changes in gene expression compared with the normal (virus-

cured) necrotrophic pathogen, including expression changes in

genes associated with pathogenicity. The expression pattern of

PCWDE genes may assist DT-8 in penetrating rapeseed tissue

and acquiring nutrients from rapeseed while minimizing damage

to the host, as biotrophic fungal pathogens usually exhibit lower

PCWDE activity (Spanu et al., 2010). The endophytic lifestyle of

DT-8 benefits host plant growth by stimulating plant growth and

improving resistance to two fungal pathogens of rapeseed with

broad host ranges. The enhancement of resistance is conferred

by endophytic growth of DT-8, as spraying leaves or treating

seeds with heat-inactivated hyphal fragments did not signifi-

cantly improve plant resistance to virulent strain 1980

(Figure 6). How this small 2-kb SsHADV-1 virus exerts such
(I)Application of DT-8 in a large-scale field experiment improved rapeseed yield

8 was sprayed at the early flowering stage of rapeseed (earlier than the epidem

DT-8-treated plants; **p % 0.01, significantly different means between contro
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drastic effects on host fungal metabolism remains a

mystery and is the subject of our current studies.

There are a number of examples of parasites or endosymbionts

that beneficially alter the behavior of their hosts, directly or indi-

rectly. For example, Ophiocordyceps fungi and other entomo-

pathogenic fungi change the behavior of their insect hosts to

enhance spore dispersal (Hughes et al., 2011). Likewise,

endohyphal bacteria can change the growth habits of fungi

(Bonfante and Desiro, 2017) by, for example, helping the

endophytic lifestyle (Hoffman and Arnold, 2010). Viruses can

confer additional functions to other organisms by affecting

their hosts. A virus was reported to manipulate insects either

directly (Hoover et al., 2011) or through its fungal host (Coyle

et al., 2018) without killing the host. Previously, a mycovirus

that infects an endophytic fungus was shown to confer
and suppressed rapeseed stem rot. A hyphal fragment suspension of DT-

ic of stem rot). *p% 0.05, significantly different means between control and

l and DT-8-treated plants.

0.
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thermal tolerance to a plant (Márquez et al., 2007). A mycovirus-

mediated hypervirulent strain of Leptosphaeria biglobosa

enhanced systemic acquired resistance of Brassica napus

against Leptosphaeria maculans, a deadly pathogen that

causes basal canker of rapeseed and shares the same niches

with L. biglobosa (Shah et al., 2020). Some complex examples

from totally different systems (phage–bacteria–insect and

phage–bacteria–plant) have also been reported (Oliver et al.,

2009; Wang et al., 2019). To our knowledge, the present study

represents the first case in which such a small genetic

element can affect its host, a destructive necrotrophic

pathogen, in such a dramatic manner, leading to a three-way

mutualistic symbiosis.

Endophytic fungi typically live inside plants without harming

them; many appear to promote plant growth and enhance plant

resistance to biotic and abiotic stresses (Hiruma et al., 2016;

Jørgensen et al., 2020). Endophytes are extremely common

and diverse in nature, but the origin of endophytic fungi is

largely unclear. Endophytic fungi and necrotrophic fungal

pathogens are often closely related to each other (Delaye et al.,

2013); interestingly, the necrotrophic pathogen B. cinerea has

been found to grow endophytically in lettuce (Sowley et al.,

2010). Endophytic growth in plants is controlled by both sides,

the fungus and the plant, and the growth of the endophytic

fungi is usually limited to avoid an additional burden to the host

plant (Hardoim et al., 2015). In this respect, endophytic fungi

differ from fungal pathogens, which grow vigorously and

destructively on plants. Here, we demonstrated that SsHADV-1

significantly reduced the growth rate of S. sclerotiorum and

simultaneously downregulated the expression of PCWDE genes

and effector-like genes in S. sclerotiorum. Interestingly, mycovi-

ruses have also been found to be widespread in endophytic fungi

(Nerva et al., 2019), and a mycovirus was even found to directly

enhance the thermotolerance of the host plant of an endophytic

fungus (Márquez et al., 2007). Hence, mycoviruses may

represent an overlooked force for fungi exhibiting the

endophytic lifestyle in nature. Further studies on the ecological

characteristics of these lifestyles could promote a deeper

understanding of the ecology of fungal pathogens, endophytes,

and mycoviruses.

A mycovirus-mediated hypovirulent strain that can live on plants

can be developed as a ‘‘plant vaccine,’’ as demonstrated in this

study. This plant ‘‘vaccination’’ strategymay enhance plant resis-

tance to a broad spectrum of pathogens and promote plant

growth in a manner similar to that of endophytes, plant-growth-

promoting rhizobacteria, and arbuscular mycorrhizal fungi

(Saikkonen et al., 1998; Dutta and Podile, 2010; Hardoim et al.,

2015; Jiang et al., 2017; Mauch-Mani et al., 2017). It may also

be beneficial to the spread of the mycovirus and lead to a

decline in fungal pathogens in the field (Double et al., 2018;

Stauder et al., 2019). In our rapeseed fields, the efficacy of

stem rot control and improvement in rapeseed yield were

attributed to the transmission of SsHADV-1 and to the endophytic

growth of strain DT-8. As shown in this study, the application of

‘‘plant vaccine’’ is an easyway tomanage the disease, and spray-

ing hyphal fragments at an early stage of plant growth can lead to

significant returns. Our experiments also demonstrated that this

‘‘plant vaccine’’ could grow into plants during seed germination,

and seed treatment may therefore be a more convenient way to
Molec
use the mycovirus as a plant vaccine. Further research should

be conducted to assess this possibility.

Previously, the idea of using mycoviruses to control crop diseases

was to let the virus spread among fungal pathogens and subse-

quently cause a decline in pathogen virulence in the field

(Milgroom and Cortesi, 2004; Zhang and Nuss, 2016). The speed

and efficiency of virus transmission in the host population is

therefore very important. The complex vegetative incompatibility

of fungi limits the speed and efficiency of virus transmission, and

many viruses are considered to have no application value.

However, if we can find viruses similar to SsHADV-1, whether

DNA or RNA viruses, and they can confer host hypovirulence while

virus-infected hosts grow on plants, then such infected strains can

become ‘‘plant vaccines’’ for practical use. This is a new applica-

tion approach for the use of mycoviruses in crop disease control.

Fungi cause more than 80% of crop diseases, includingmanyma-

jor diseases that threaten global food security. This overall strategy

could alsowork for other fungal crop diseases, asmycoviruses are

not difficult to find in fungal pathogens (Ghabrial et al., 2015;

Garcı́a-Pedrajas et al., 2019).

METHODS

Fungal Strains and Plant Materials

Strain DT-8 of S. sclerotiorum infected with SsHADV-1 was originally iso-

lated from a sclerotium formed on a diseased stem of rapeseed (Yu et al.,

2010); DT-8VF is an SsHADV-1-free strain that was derived from strain

DT-8 by hyphal-tip isolation (Yu et al., 2010). DT-8VF exhibits strong viru-

lence and a colonymorphology similar to that of normal strains. Strain 1980

and the hygromycin-resistance gene-labeled strain 1980-hyg are virulent

strains of S. sclerotiorum that are vegetatively incompatible with strain

DT-8. Ep-1PNA367V is the virulent strain Ep-1PNA367 infected by purified

virus particles of SsHADV-1. Strain B05.10 is a virulent strain ofBotrytis cin-

erea. These strains and their subcultures were incubated on PDA plates at

20�C and stored at 4�C on PDA slants. Rapeseed (Brassica napus cv. Hua-

shuang No. 4), a commercial cultivar, was grown on starchless MSA in tis-

sue culture bottles or in pots with garden soil in a chamber at 20�C.

Observation of Fluorescence

To observe the endophytic growth of DT-8 and EP-1PNA367V in rapeseed

plants, DT-8 was labeled with mCherry fluorophore by A. tumefaciens-

mediated transformation to form DT-8RFP. Seeds were inoculated with

DT-8RFP and EP-1PNA367V, germinated on MSA plates for 3 days,

and transplanted into bottles that contained MSA to exclude possible

contamination; the plants were allowed to grow for 14 days before root

observation. Seeds inoculated with the virulent strains DT-8VFRFP and

EP-1PNA367 failed to germinate. We therefore inoculated DT-8VFRFP

and EP-1PNA367 onto the roots of mock-inoculated plants and observed

symptoms at 48 hpi. To observe invasion on leaves, we inoculated the

leaves of DT-8RFP and EP-1PNA367V with mycelial agar disks (V =

6.0mm). Oneweek later, a healthy section of leaves was sampled approx-

imately 1 cm from the inoculation site. Leaves inoculated with the virulent

strains DT-8VFRFP and EP-1PNA367 were observed at early infection (12,

18, and 24 hpi) because lesions formed rapidly. Rapeseed root and leaf

tissues were stained with WGA (Oregon Green 488 conjugate) and

observed under a confocal microscope (Leica SP8). The excitation and

emission wavelengths were 488 nm and 502 nm for WGA and 587 nm

and 610 nm for mCherry.

Electron Microscopy

For optimal observation of rapeseed root colonization, seedlings treated

with DT-8 were allowed to grow onMSA for 2 weeks. Roots were sampled

for SEM observation as described previously (Xiao et al., 2014).
ular Plant 13, 1420–1433, October 5 2020 ª The Author 2020. 1429



Molecular Plant A Mycovirus Switches a Pathogen to an Endophyte
Plant Treatments and Assays

The seeds of B. napus were surface sterilized with 2% hypochlorite for

10min and rinsed thoroughly with 10 volumes of distilled water three times

(Márquez et al., 2007). DT-8 was grown in 100 ml of potato dextrose broth

(PDB) medium in a 250-ml flask at 20�C and shaken under 160 rpm for

5 days. Themycelia were then homogenized in a blender, and the suspen-

sion of DT-8 hyphal fragments was diluted with distilled water to 2.0 OD600

units (~13 105 hyphal fragments/ml, about 1.72 g/l [dry weight]) (Yu et al.,

2013). The surface-sterilized seeds were dip-inoculated with the DT-8 hy-

phal fragment suspension for 10 min and planted in MSA plates. Three

days later, the seedlings were transferred to pots that contained auto-

claved garden soil or to tissue culture bottles that contained MSA. The

plants were grown in a chamber at 20�C with a 12:12-h photoperiod

and a light intensity of approximately 10 000 lux. Uninoculated plants

were used as controls.

To evaluate the promotion of plant growth, we sampled 36-day-old rape-

seed plants grown in garden soil (Zhenjiang Peilei Substrate Technology

Development) and 21-day-old rapeseed plants grown on MSA, and

measured the fresh weight of their aerial parts. Both experiments were

repeated twice with at least nine plants for each individual test.

To evaluate the resistance of rapeseed to S. sclerotiorum and B. cinerea,

we inoculated the leaves of DT-8-treated plants with mycelial agar disks

(V = 6.0 mm) of strain 1980 or strain B05.10, which had been taken

from actively growing colony margins and placed in a chamber at 20�C
and 100% relative humidity. Plants treated with another SsHADV-1-in-

fected strain, EP-1PNA367V, were also evaluated for resistance against

S. sclerotiorum strain 1980. Hyphal fragment suspensions of DT-8 and

EP-1PNA367V were inactivated by heating at 121�C for 30 h in a sterilizer,

and plants whose seeds were inoculated with heat-inactivated DT-8 and

EP-PNA367V were used as controls.

To simulate the application of SsHADV-1-infected strains in the field, we

sprayed chamber-grown plants with hyphal fragment suspensions of

DT-8 and EP-1PNA367V and evaluated their resistance to S. sclerotiorum

strain 1980 7 days later. Plants sprayed with heat-inactivated DT-8 and

EP-1PNA367V were used as controls. Photographs were taken and lesion

sizesweremeasured at 48 hpi for leaves inoculated with strain 1980 and at

96 hpi for leaves inoculated with strain B05.10. Experiments were

repeated at least three times with at least five samples for each individual

test.

Transcriptomic Analyses

To understand the potential mechanism by which SsHADV-1 converts a

necrotrophic pathogen to an endophytic fungus, we inoculated rapeseed

leaves with both DT-8 and virulent DT-8VF in preparation for sampling and

RNA extraction. We collected mycelia from PDA medium covered with

cellophane when DT-8 had been cultured for 3 days and DT-8VF for 5

days and both strains had reached the same colony size. The collected

mycelia were homogenized in a blender and transferred to PDB medium

to recover. After 6 h of culture in PDB medium, we collected mycelia by

filtration and used them to inoculate rapeseed leaves. The mycelia were

covered with lens-wiping paper to maintain moisture and facilitate their

subsequent collection from leaves. The plants were kept wet in a large

plastic basin at 20�C ± 2�C. We collected mycelia from leaves with lens-

wiping paper at 12, 18, and 24 hpi. Total RNA was extracted from the

mycelia with the TRIzol reagent (Invitrogen), and S. sclerotiorum gene

expression induced by leaves during hyphal invasion was assayed by

RNA-sequencing (RNA-seq) analysis. RNA extracted from mycelia of

three inoculated leaves constituted a single replicate, and there were three

replicates per treatment.

To compare the transcription profiles of strains DT-8 and DT-8VF grown

on PDAmedium, we sampled mycelia for RNA extraction and sequencing

at themost active stage: 72 h for DT-8 and 28 h for DT-8VF. RNA extracted
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from mycelia of three colonies constituted one replicate, and there were

three replicates per treatment.

Plants treated with DT-8 or mock were grown in sterilized garden soil for

36 days as described above; their shoots (1–2 cm in length) were sampled

for total RNA extraction and sequencing. RNA extracted from five shoots

constituted one replicate, and each treatment was replicated three times.

RNA quantity and quality were assessed using an Agilent 2100 Bio-

analyzer (Agilent Technologies, Palo Alto, CA, USA) and a NanoDrop

spectrophotometer (Thermo Fisher Scientific), and RNA integrity was

checked by electrophoresis on 1% agarose gel.

The RNA samples were sequenced on the Illumina HiSeq platform (GEN-

EWIZ, Suzhou, China). Raw reads were processed with Trimmomatic

(v0.30) to remove adapters, PCR primers, fragments thereof, and bases

with a quality score less than 20. HISAT2 (v2.0.1) and HTSeq (v0.6.1)

were used to map clean reads from S. sclerotiorum to the reference

sequence of S. sclerotiorum strain 1980 UF-70 (assembly

ASM185786v1) (Amselem et al., 2011) and clean reads of rapeseed to

the reference sequence of rapeseed (Chalhoub et al., 2014) at the

Genoscope Genome Database (www.genoscope.cns.fr/brassicanapus).

The DESeq Bioconductor package, which employs a model based on

the negative binomial distribution, was used to perform differential

expression analysis. After using the Benjamini and Hochberg approach

to control the false discovery rate (FDR), S. sclerotiorum DEGs between

DT-8 and DT-8VF were identified based on thresholds of |

log2FoldChange| R 1 and FDR % 0.05. Likewise, B. napus DEGs

between DT-8-inoculated plants and non-inoculated plants were

identified based on thresholds of 1.5-fold change and FDR % 0.05.

DEG annotation and GO functional enrichment analysis were performed

with Blast2GO, the latter with a significant p value of less than 0.01.

KEGG annotation and enrichment were performed using the clusterPro-

filer Bioconductor package (Yu et al., 2012).

For analysis of S. sclerotiorum RNA-seq data, significantly enriched Fun-

Cat categories of DEGs were identified using FungiFun (https://sbi.

hki-jena.de/fungifun/fungifun.php) (Priebe et al., 2015) with p % 0.05.

PCW-degrading CAZymes were identified based on KEGG and GO

annotations. S. sclerotiorum KEGG pathway data came from

GenomeNet (https://www.genome.jp/), and GO annotations were

obtained by BLAST searching the NCBI database with Blast2GO.

Putative PCW-degrading CAZymes genes were previously identified by

Lyu et al. (2015) using the Hmmscan program in the HMMER 3.0

package with family-specific HMM profiles of CAZymes from the

dbCAN database.

The DEGs of rapeseed involved in biotic stress were visualized with Map-

Man software (https://mapman.gabipd.org/web/guest/mapmanstore)

with p % 0.05 (Thimm et al., 2004). All cluster analyses were performed

using R3.6.0.

DNA and RNA Extraction, RT–PCR, and qPCR

Genomic DNA was extracted from plants and fungi using the CTAB

method. Specific primers were designed based on viral genomic DNA

sequencing. SsL-F and SsL-R were used to detect viral genomic DNA us-

ing extracted genomic DNA as a template. XJJ21 and XJJ222 were used

to detect S. sclerotiorum specifically (Qin et al., 2011) (Supplemental

Table 2). For RNA-seq analysis, RNA samples were extracted from rape-

seed stems with the TRIzol reagent (Invitrogen). RNA for qRT–PCR valida-

tion of differential gene expression data was prepared independently un-

der the same conditions described above. cDNA synthesis was carried

out using EasyScript One-Step gDNA Removal and cDNA Synthesis

SuperMix (TransGen Biotech, China). The real-time qPCRs were carried

out in a CFX96 Real-Time PCR Detection System (Bio-Rad) with iTaq uni-

versal SYBR Green Supermix (Bio-Rad). B. napus Actin (AF111812) was
0.

http://www.genoscope.cns.fr/brassicanapus
https://sbi.hki-jena.de/fungifun/fungifun.php
https://sbi.hki-jena.de/fungifun/fungifun.php
https://www.genome.jp/
https://mapman.gabipd.org/web/guest/mapmanstore


A Mycovirus Switches a Pathogen to an Endophyte Molecular Plant
used as an internal control. All primer sequences are listed in

Supplemental Table 3.
Reisolation of DT-8 from Rapeseed Plants

To recover DT-8 from rapeseed plants, we planted young seedlings

treated with DT-8 on MSA in bottles until several true leaves had emerged

(about 4 weeks). Stems and leaves were harvested, chopped, and placed

on PDA medium to isolate DT-8. The plants in bottles continued to grow

for 6 months. At this time, most of the plants were still alive with yellowing,

chlorotic lower leaves, but some plants had died and hyphae had

emerged from their leaves, petioles, and stems. The yellowing and dead

leaves of the living plants were sampled to isolate fungi on PDA medium.

The hyphae were picked directly from dead plants and placed on fresh

PDA medium for purification and identification. Newly isolated cultures

were subjected to virus determination by both virus DNA extraction and

PCR amplification.
Virus Transmission by Endophytic DT-8 in Plants

To assay whether the virus could spread from DT-8 growing endophyti-

cally in rapeseed to a vegetatively incompatible virulent strain that was in-

fecting the same plant, we allowed plants treated with DT-8 to grow in gar-

den soil for 30 days. The plant leaves were then inoculated with strain

1980-hyg andmaintained at 20�Cwith 100% relative humidity. Twoweeks

later, lesions were sampled and used to recover strain 1980-hyg with PDA

plates amended with hygromycin (50 mg/ml). The resulting fungal cultures

were subjected to virus determination and biological assays (growth rate,

colony morphology, and virulence) using methods described by Liu et al.

(2016).
Field Experiments

To investigate whether DT-8 could function as a ‘‘vaccine’’ to promote

rapeseed health in the field, we conducted field experiments in experi-

mental fields in Ezhou and Suizhou city in Hubei province. Each experi-

mental field was divided into 21 plots 2 3 15 m (width 3 length) in size.

DT-8 hyphal fragment suspensions (~1 3 105 and 1 3 104 hyphal frag-

ments/ml, approximately 0.04 g and 0.004 g per square meter) were

sprayed on aerial plant parts at four stages: the seedling, bolting,

blossom, and post-blossom stage. Water instead of hyphal

fragment suspension was used as a control. Each treatment was applied

to three plots, and plots were distributed randomly in the experimental

field. Plants were regularly watered and treated with fertilizer, but fungi-

cides were not applied during the growing season. For the investigation

of stem rot severity, 200 plants were randomly chosen from each plot.

Rapeseed was harvested from each plot, and all seeds of each plot

were weighed.

In addition, we selected large-scale agricultural rapeseed fields (about

3000 m2) in Ezhou, Xiangyang, and Jingzhou, Hubei province, China.

Half of each field was sprayed with a low concentration of DT-8 hyphal

fragment suspension (1 3 104 hyphal fragments/ml) at the early blossom

stage (earlier than the predicted epidemic of rapeseed stem rot), and half

was sprayed with water as a control. To assess disease severity, five

points were chosen at random, each of which contained more than 100

plants. To determine average yield, five points were chosen at

random, each of whichmeasured 4m2. The disease severity on each plant

was rated on a scale of 0–4 (Li et al., 2006), and the disease index was

calculated. All data were subjected to statistical analysis.
Statistical Analysis

Plant and fungal growth rate data and virulence assay data for fungal

strains were subjected to analysis of variance in SAS (SAS Institute,

version 8.1), and treatment means were compared using the least signif-

icant difference test at p = 0.05 or p = 0.01.
Molec
ACCESSION NUMBERS
All datasets can be found in GenBank, including the data for S. sclerotio-

rum grown on PDA (Sequence Read Archive [SRA] accession

PRJNA577442), the data for S. sclerotiorum inoculated on rapeseed

(SRA accession PRJNA577619), and the data for rapeseed with and

without DT-8 inoculation (SRA accession PRJNA574736).
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