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Plant pathogens pose a serious and continuous threat to global
agricultural production and food security (Varden et al., 2017).
Pathogens, including bacteria, fungi, oomycetes, viruses, nema-

todes, as well as feeding insects, subvert key host processes by
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Abstract

Plant pathogens deliver virulence effectors into plant cells to modulate plant immu-
nity and facilitate infection. Although species-specific virulence effector screening
approaches have been developed for several pathogens, these assays do not apply to
pathogens that cannot be cultured and/or transformed outside of their hosts. Here,
we established a rapid and parallel screening assay, called the virus-induced viru-
lence effector (VIVE) assay, to identify putative effectors in various plant pathogens,
including unculturable pathogens, using a virus-based expression vector. The VIVE
assay uses the potato virus X (PVX) vector to transiently express candidate effector
genes of various bacterial and fungal pathogens into Nicotiana benthamiana leaves.
Using the VIVE assay, we successfully identified Avh148 as a potential virulence
effector of Phytophthora sojae. Plants infected with PVX carrying Avh148 showed
strong viral symptoms and high-level Avh148 and viral RNA accumulation. Analysis of
P. sojae Avh148 deletion mutants and soybean hairy roots overexpressing Avh148 re-
vealed that Avh148 is required for full pathogen virulence. In addition, the VIVE assay
was optimized in N. benthamiana plants at different developmental stages across a
range of Agrobacterium cell densities. Overall, we identified six novel virulence effec-
tors from seven pathogens, thus demonstrating the broad effectiveness of the VIVE

assay in plant pathology research.
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suppressing host innate immunity and manipulating host nutrient
supply, leading to disease. In most cases, pathogens achieve this goal
by delivering virulence effector proteins into host cells, where the

effectors attack the host innate immune system through various
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mechanisms, such as modifying signalling transduction pathways
and gene transcription, altering intracellular transport and cytoskel-
eton stability, affecting autophagosome formation and vesicle traf-
ficking, and triggering RNA silencing (Qiao et al., 2013, 2015; Toruno
et al., 2016; Lee et al., 2019). Thus, it is important to identify the
virulence genes of various pathogens and to understand their role in
pathogenicity. Whole-genome sequences of a number of pathogens
have recently become available, and a multitude of effectors have
been predicted. However, given their complex nature and the rela-
tively lengthy procedures required for their functional analysis, the
exact biological functions of these effectors remain unknown (Wang
et al., 2019). Approaches such as gene knockout, RNA interference
(RNAi)-mediated gene knockdown, and CRISPR/Cas%-mediated ge-
nome editing have been applied to certain pathogens amenable to
genetic transformation for the identification of virulence factors;
however, these approaches are rather inefficient. More importantly,
itis impossible to genetically transform unculturable pathogens such
as “Candidatus Liberibacter asiaticus”, the causal agent of the most
severe citrus disease, huanglongbing (Clark et al., 2018), and patho-
genic root-knot nematodes (Meloidogyne spp.) (Castagnone-Sereno
et al., 2013). Thus, a robust and general screening assay is needed
for the identification of virulence factors of unculturable pathogens,
which will advance our understanding of pathogenesis and plant
pathogen evolution.

Agrobacterium-mediated transformation of Nicotiana benthami-
ana leaves has been widely used as a transient gene expression assay
for gene function analysis as it is a rapid and straightforward ap-
proach (Wydro et al., 2006). Moreover, several research groups have
developed transient expression assays using virus-based expression
vectors. In these assays, genes of interest of various pathogens are
expressed in N. benthamiana leaves using tobacco rattle virus (TRV)
and potato virus X (PVX) expression vectors (Zhang et al., 201%a;
Li et al., 2020). Over the past three decades, remarkable progress
has been made in the development of plant viral vectors owing to
their ease of manipulation (Hefferon, 2017). PVX, a potexvirus, is
a filamentous rod-shaped virus harbouring a single-stranded RNA
genome that is capped at the 5’ end and polyadenylated at the
3’ end, and encodes five open reading frames (ORFs) including
RNA-dependent RNA polymerase (RdRP), coat protein (CP), and a
triple gene block, whose products are involved in virus movement
(Huisman et al., 1988). In the earliest implementation of the PVX
vector system, the full-length cDNA of PVX (P2C2S) was cloned
into plasmids under the control of the T7 promoter, with the aim of
transcribing PVX cDNA in vitro and manually inoculating the resul-
tant transcripts into N. benthamiana leaves (Chapman et al., 1992).
In later versions, the PVX cDNA was cloned into binary vectors
(pGR106 and pGR107) under the control of the cauliflower mosaic
virus (CaMV) 35S promoter for enhanced expression, and a shorter
CP promoter sequence was included in the PVX cDNA to drive the
expression of foreign DNA and the CP gene. The foreign DNA could
be inserted into the vector between the modified promoter and
the 5’ end of the CP. Then, Agrobacterium tumefaciens transformed

with binary vectors was manually infiltrated into N. benthamiana
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leaves (Jones et al., 1999). This biologically active PVX construct
was originally designed to exploit the CP promoter to drive high ex-
pression of the foreign DNA in inoculated or systemically infected
leaves (Chapman et al., 1992). Recently, the PVX-based expression
vector was modified to facilitate stable and long-term expression of
the gene of interest and to simultaneously express two genes via
high-throughput cloning (Dickmeis et al., 2014; Wang et al., 2014).
PV X-based vectors have been the most widely used vectors for in-
vestigating gene expression, gene silencing, and cell death in plants
(Toth et al., 2001; Lacomme and Chapman, 2008; Wang et al., 2011).
Kong et al. showed that expression of the rice stripe virus (RSV)
disease-specific protein (SP) gene using the PVX vector induced visi-
ble symptoms in N. benthamiana plants, indicating the role of RSV SP
in enhancing PVX symptoms (Kong et al., 2014). More recently, the
PVX-based expression system was employed for tumour immuno-
therapy and for the development of influenza vaccine and antigens
in animal models (Denis et al., 2008; Mardanova et al., 2015; Shukla
et al., 2015; Esfandiari et al., 2016; Hefferon, 2017). Given that the
PVX-based system is efficient and induces high-level expression of
foreign genes, we explored its potential to identify pathogenicity
determinants or virulence effectors of plant pathogens.

We initially assessed a PVX-based system for its ability to eval-
uate virulence effectors of plant pathogens, based on their ability
to induce disease symptoms such as necrosis, chlorosis, dwarfing,
growth retardation, and abnormal development. To critically test the
system, we first separately cloned five Phytophthora sojae effectors
into a binary PVX-based expression vector (pGR106) (Figure 1a).
The resulting PVX-GFP or PVX-Effector construct was introduced
into A. tumefaciens, which was then used to inoculate the leaves of
10-14-day-old N. benthamiana seedlings. At 21 days postinoculation
(dpi), plants infiltrated with the PVX-Avh148 construct showed se-
vere dwarfing, with wrinkling and necrosis on the newly emerged
upper leaves, whereas those infiltrated with the other four effector
constructs exhibited mild mosaic symptoms, similar to the plants
infiltrated with the PVX-GFP (Figures 1b, and S1, and Table 1).
Consistently, results of northern blot analysis showed much lower
accumulation of PVX genomic and subgenomic RNAs in plants in-
filtrated with the PVX-GFP than in plants infiltrated with the PVX-
Avh148 (Figure 1c). Furthermore, the higher accumulation levels of
Avh148 transcripts, viral RNA, and PVX CP protein were confirmed
by semiquantitative reverse transcription (RT)-PCR (Figures 1d
and S2) and western blot (Figure 1e) in PVX-Avh148 Agrobacterium-
infiltrated plants. These data suggest that Avh148 potentially func-
tions as a virulence effector in P. sojae and enhances PVX-induced
viral symptoms in plants.

To fully understand the role of Avh148 in the induction of viral
disease symptoms, we first analysed the effect of Agrobacterium cell
density on N. benthamiana plants. Leaves of 2-week-old N. benthami-
ana plants were inoculated with serial dilutions of Agrobacterium cul-
tures expressing PVX-GFP or PVX-Avh148; the optical density of the
cultures at 600 nm (OD, ;) ranged from 0.2 to 1.0. Plants infiltrated
with PVX-148 showed more severe symptoms with increasing OD,

values; at OD,,, = 0.2, the systemically infected leaves exhibited
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FIGURE 1 Transient expression of the Phytophthora sojae Avh148 gene in Nicotiana benthamiana leaves using the potato virus X (PVX)
expression vector. (a) Schematic representation of the recombinant PVX-Effector construct. (b) Photographs of 10-day-old N. benthamiana
plants (n = 10) infiltrated with PVX-Avh148, PVX-GFP, or no construct (mock treatment; negative control) at 21 days postinfiltration (dpi).

(c) RNA blot analysis of the accumulation of PVX genomic and subgenomic RNAs at 14 dpi. (d) Relative viral RNA accumulation in plants
inoculated with PVX-GFP or PVX-Avh148. Reverse transcription PCR of the PVX coat protein (CP) gene was used to evaluate the viral RNA
level. N. benthamiana EF-1a gene was used as an internal control. (€) Western blot analysis of PVX CP in N. benthamiana leaves infiltrated
with PVX-GFP or PVX-Avh148 using anti-CP antibody. Equal loading was confirmed by Coomassie brilliant blue (CBB) staining. (f) Effect of
Agrobacterium cell density (OD,, = 0.2-1.0) on disease development in 2-week-old N. benthamiana plants infiltrated with PVX-Avh148.

(g) Effect of plant age on disease development in N. benthamiana plants infiltrated with PVX-Avh148 (OD,,, = 1.2). Photographs were taken
at 21 dpi. Experiments were performed twice, with similar results

smaller size and severe downward curling, whereas at higher OD,, Next, we investigated the effect of plant age on disease develop-
values severe chlorotic symptoms were absent in infiltrated leaves, ment. Leaves of 2-, 3-, and 4-week-old seedlings were infiltrated with
but necrosis was detected in the midrib of infiltrated and systemi- Agrobacterium cultures (OD,,, = 1.2) expressing PVX-GFP or PVX-

cally infected leaves, eventually leading to plant death (Figure 1f). Avh148, and symptoms were compared. Younger plants infiltrated
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TABLE 1 Summary of effector
genes identified using the virus-induced
virulence effector (VIVE) assay

Pathogen
No. type

1 Bacterium

w

Fungus

Oomycete

NV 0N o b

10

11 Bacterium
12

13

14

15 Virus

16

17

18

19

20

21

22 Nematode
23

24 Insect

25

26

27

28
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Effector
Pathogen name Effector gene function Virulence?
Pseudomonas syringae AvrPto Known Yes
AvrPtoB Yes
“Candidatus SDE1 Yes
Liberibacter asiaticus”
Magnaporthe oryzae AvrPiz-t Yes
Ustilaginoidea virens SCRE2 Yes
Phytophthora sojae Avh432 Unknown No
Avh447 No
Avh266 No
Avh45 No
Avh148 Yes
“Ca. L. asiaticus” CLas420 Yes
ClLas525 No
ClLas2250 No
ClLas1640 Yes
Rice stripe virus RSV-CP Yes
RSV-SP No
RSV-NSVC4 No
Bipolaris maydis RSV-NS2 No
BmPV1-ORF1 No
BmPV1-ORF2 Yes
BmPV1-ORF3 No
Heterodera avenae Ha-1137 No
Meloidogyne incognita NSP-NeF Yes
Bemisia tabaci BTA010383 No
BTA002812 No
BTA026759 No
BTA021638 Yes
BTA003413 No

Effector showing virulence functions using the VIVE assay.?

with PVX-Avh148 developed more severe symptoms than older
plants (Figure 1g). Two-week-old plants infiltrated with PVX-Avh148
showed necrosis and death (Figure 1g), which was absent in 4-week-
old plants. Furthermore, 4-week-old seedlings infiltrated with PVX-
Avh148 Agrobacterium at OD,,, = 1.0 showed similar symptoms at
21 dpi (dwarfing and severe downward leaf curling) as 2-week-old
seedlings infiltrated with PVX-Avh148 Agrobacterium at OD,,, = 0.2.
These results indicate that younger plants are more susceptible to
the inoculum than older plants, and 2-week-old seedlings are ideal
for this screening assay.

To further evaluate the plant expression vector, two additional
constructs were generated in which Avh148 was expressed under
the control of the CaMV 35S promoter, pEG100-Avh148 and pEG104-
Avh148. Unlike the plants infiltrated with Agrobacterium containing the
PVX-Avh148 plasmid, 2-week-old seedlings infiltrated with the pEG100,
pEG100-Avh148, or pEG104-Avh148 constructs showed no unusual
phenotypes at 21 dpi (Figure S3a). At 2 dpi, similar levels of Avh148

transcripts were detected in leaves inoculated with all expression
vectors; however, at 21 dpi, Avh148 transcripts were detected only in
leaves inoculated with PVX-Avh148 and not in those inoculated with
pEG100-Avh148 or pEG104-Avh148 (Figure S3b). These data suggest
that the strong virulence phenotype of PVX-Avh148-inoculated plants
results from the continuous and high-level expression of Avh148. Next,
we determined the effect of the stop codon of Avh148 on the virulence
phenotype of PVX-Avh148-inoculated plants. The results indicated
that removal of the stop codon did not affect the disease phenotype
of PVX-Avh148-inoculated plants (Figure S4a). Western blot analysis
showed that the CP alone, but not the Avh148-CP fusion protein,
was consistently present in all inoculated plants. The expression of
both effector formats was stronger than that of PVX-GFP at 21 dpi
(Figure S4b). Taken together, these results suggest that Agrobacterium-
mediated delivery of a binary PVX-based vector serves as an efficient
tool for screening effectors that enhance viral disease symptoms in

N. benthamiana.
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To investigate the biological role of Avh148 in P. sojae infec-
tion, we analysed the expression pattern of Avh148 in the roots of
susceptible soybean cultivar Jack at 1.5, 3, 6, 12, 16, 20, and 24 hr
postinoculation (hpi). The results of quantitative reverse transcrip-
tion RT-PCR (RT-gPCR) analysis showed that Avh148 expression was
induced at the early stages of infection, with maximal expression at
3 hpi (approximately 200-fold greater than that at O hpi) (Figure 2a).

To determine whether Avh148 promotes P. sojae infection in
planta, a construct carrying both 35S::GFP and 35S::Avh148-3 x FLAG
was introduced in Agrobacterium rhizogenes K599 and then tran-
siently expressed in soybean hairy roots. Subsequently, soybean
hairy roots were inoculated with P. sojae P6497 expressing the
2017;
Zhang et al., 2019b). At 48 hpi, soybean hairy roots expressing
the 35S::Avh148-3 x FLAG construct showed more oospores than

those transformed with the empty vector (EV) control (Figure 2b,c).

monomeric red fluorescent protein (mRFP) gene (Ma et al,,

Consistently, P. sojae biomass was much higher in soybean hairy
roots inoculated with Avh148-3 x FLAG than in roots inoculated
with the EV control (Figure 2d). Expression of the recombinant

Avh148 protein was confirmed by western blot analysis using the
anti-FLAG antibody (Figure S5). These data suggest that Avh148 is a
crucial virulence factor that contributes to plant susceptibility.

To further explore the contribution of Avh148 to the pathogenic-
ity of P. sojae, we generated P. sojae Avh148 deletion in the wild-type
(WT) background (P6497) using the CRISPR/Cas9 system. A unique
single-guide RNA (sgRNA) targeting the Avh148 coding sequence
was used to replace the Avh148 with mCherry in the deletion mu-
tant, as described previously (Fang and Tyler, 2016) (Figure Séa). Two
independent homozygous deletion mutant lines (T3 and T5) were
identified by genomic DNA (gDNA)-based PCR (Figure Séb) and con-
firmed by single-colony sequencing. Compared with the WT strain,
both T3 and T5 transformants showed no abnormal developmental
phenotypes (Figure Séc,d). However, both Avh148 deletion mutant
lines of P. sojae caused smaller lesions on soybean seedlings than the
WT strain (Figure 2e,f). Furthermore, P. sojae biomass was signifi-
cantly lower in soybean seedlings infected with transgenic strains
T3 and T5 than in seedlings infected with the WT strain (Figure 2g).
These results indicate that Avh148 is essential for the virulence of
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FIGURE 2 Phytophthora sojae effector Avh148 is crucial for pathogen virulence. (a) Expression profile of Avh148 in soybean hairy
roots inoculated with P. sojae P6497. Total RNA was extracted from mycelia (MY) or infected soybean roots at the indicated time points,
and transcript levels of Avh148 were detected by quantitative real-time reverse transcription PCR (RT-gPCR). P. sojae Actin gene was

used as an internal control. hpi, hours postinoculation. (b) Analysis of Avh148 expression in soybean hairy roots upon P. sojae infection

(n = 10). Hairy roots expressing GFP-Avh148 or GFP were inoculated with mycelia plugs of red fluorescent protein (RFP)-labelled P. sojae.
Oospore production in infected hair roots was investigated under a fluorescence microscope, and lesion length was determined at 48 hpi.
(c) Quantification of P. sojae oospores on soybean hairy roots at 48 hpi. (d) Quantification of P. sojae biomass in soybean hairy roots

by quantitative PCR (qPCR). (e) Effect of Avh148 silencing in P. sojae on infection in soybean seedlings (n = 8). Disease symptoms were

monitored in aetiolated hypocotyls. Photographs were taken at 7 days postinoculation (dpi). (f) Analysis of relative expression of Avh148
in P. sojae transformants by RT-qPCR. (g) Analysis of P. sojae biomass in soybean hypocotyls by genomic DNA (gDNA)-based gPCR. This
experiment was performed twice, with similar results. Scale bars: 1 cm in (e), 0.3 mm in (). Data in (c), (d), (f), and (g) represent mean + SE
of three independent biological replicates. Different letters indicate statistically significant differences among samples (p < .01; Duncan's
multiple range test)
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P. sojae. In summary, these observations confirmed the utility of the
PVX-based expression system as a functional screen for the identi-
fication of P. sojae effectors. Thus, we termed this screening method
the virus-induced virulence effector (VIVE) assay.

Having established and optimized the VIVE assay for the iden-
tification of P. sojae virulence effectors, we tested its applicability
to other plant pathogens. Five previously known virulence effectors
were chosen for this experiment, including two bacterial effectors
(AvrPto and AvrPtoB from Pseudomonas syringae; SDE1 from “Ca.
L. asiaticus”) and two fungal effectors (AvrPiz from Magnaporthe
oryzae; SCRE2 from Ustilaginoidea virens) (Nguyen et al., 2010; Park
et al., 2012; Clark et al., 2018; Fang et al., 2019). These virulence
effectors were cloned into PVX vectors and introduced in A. tume-
faciens, which was then used to inoculate N. benthamiana leaves to
test whether these effectors can aggravate viral symptoms. All in-
oculated plants exhibited typical viral disease symptoms, including
downward leaf curling, leaf puckering, and necrosis (Figures 3a and
S7). By contrast, N. benthamiana plants expressing PVX-GFP showed
no symptoms (Figures 3a and S7). Northern blot assay revealed that

(a) Control Known effectors
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the level of PVX genomic and subgenomic RNAs in plants inocu-
lated with the known effectors was higher than in control plants at
21 dpi (Figure 3b). Additionally, RT-qPCR was performed to verify
the accumulation of PVX-CP transcripts in plants inoculated with
PVX-AvrPtoB and PVX-AvrPiz (Figure 3c). These results suggest that
the VIVE assay can be used for the identification of virulence ef-
fectors in a wide range of plant pathogens, including unculturable
pathogens.

We then tested the utility of the VIVE assay for the identifica-
tion of novel virulence effectors from six plant pathogens. Instead
of culturable species such as P. sojae, we focused on plant patho-
gens that cannot be cultured or genetically transformed, including
“Ca. L. asiaticus”, cereal cyst nematode (Heterodera avenae), root-
knot nematode (Meloidogyne incognita), silverleaf whitefly (Bemisia
tabaci), RSV, and Bipolaris maydis (fungal pathogen of southern
corn leaf blight). A total of 18 effector genes belonging to these six
plant pathogens were cloned into the pGR106 expression vector
(Table 1). The resulting constructs were introduced into A. tumefa-

ciens, which was then used to inoculate the leaves of 2-week-old

Unknown effectors
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FIGURE 3 Confirmation and identification of virulence effectors in multiple plant pathogens using the virus-induced virulence effector
(VIVE) assay. (a) Analysis of two known and four novel virulence effectors from six plant pathogens in leaves of 10-14-day-old Nicotiana
benthamiana plants (n = 10) using the PVX-based expression system. Leaves were infiltrated with Agrobacterium (OD,, = 0.6-0.8) carrying
the PVX-Effector construct, and photographs were taken at 21 days postinfiltration (dpi). (b) RNA blot analysis of the accumulation of PVX
genomic and subgenomic RNAs in N. benthamiana plants at 21 dpi. Total RNA was extracted from infected N. benthamiana leaves at 21 dpi.
Wild-type N. benthamiana plants (mock) were used as a negative control. (c) Relative viral RNA accumulation in plants inoculated with the
PVX-GFP or PVX-Avh148 construct. Analysis of the PVX CP gene by quantitative reverse transcription PCR (RT-qPCR) was used to determine
the viral RNA level. Data represent mean + SE of three independent experiments. The EF-1a gene was used as an internal control. Each
experiment was performed twice, with similar results. Different letters indicate statistically significant differences among samples (p < .01;

Duncan's multiple range test)
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N. benthamiana plants via agroinfiltration. A total of six puta-
tive virulence effectors were identified: NeF in M. incognita,
BTA021638 in B. tabaci, CLas420 and CLas1640 in “Ca. L. asiati-
cus”, viral proteins CP and ORF2 in RSV, and Bipolaris maydis par-
titivirus 1 (BmPV1) in B. maydis. N. benthamiana plants infiltrated
with Agrobacterium carrying the PVX vector harbouring each of
these six proteins separately showed distinct and discernibly se-
vere viral disease symptoms. Among all plants, those infiltrated
with the PVX-NeF showed the most prominent viral disease phe-
notypes (Figure 3a and Table 1). Northern blot analysis revealed
that levels of PVX genomic and subgenomic RNAs were much
higher in leaves infiltrated with these four effector genes than in
leaves infiltrated with PVX-GFP at 21 dpi (Figure 3b). Overall, our
results revealed that the VIVE assay is a reliable and powerful tool
for the identification of effector proteins of pathogens that func-
tion as potential virulence factors in plants.

Many mammalian and plant pathogens secrete virulence proteins
into the host cell via diverse secretion systems. These proteins at-
tack the host innate immune system, modify the cytoskeleton and
cellular membranes, alter vesicle trafficking, and facilitate nutri-
ent acquisition, eventually causing infection and disease (He et al.,
2004). In this study, we successfully identified six potential virulence
effectors in bacteria, filamentous pathogens, viruses, nematodes,
and insects using the VIVE assay (Figures 1 and 3). The identification
of such a wide range of virulence factors suggests that VIVE is a gen-
eral and robust tool that can be used to obtain preliminary biological
information related to pathogenic phenotypes.

Despite its wide applicability, it is possible that a small subset of
host-specific virulence factors is not compatible with the VIVE assay.
One possibility is that plant genes are silenced via virus-induced gene
silencing (VIGS) if the effector gene shows relatively high sequence
similarity with a plant gene, leading to false positives (Takken et al.,
2000). In addition, the development of severe systemic symptoms
in N. benthamiana leaves infiltrated with the PVX-Effector construct
indicates that the effector gene interacts synergistically with the
virus in causing infection, with a severe pathogenic response, and
effectors that fail to interact with the virus may be less likely to be
detected. Although true synergism between two viruses has been
reported in plants (Ogwok et al., 2010), synergism between an ef-
fector protein and a virus has not been investigated to date. On the
other hand, disease symptoms also might be associated with small
RNA (sRNA) movement between plants and pathogens. Recent stud-
ies have shown that recovery from viral disease involves sSRNA-me-
diated posttranscriptional gene silencing (PTGS), and components
of the transcriptional gene silencing (TGS) pathway facilitate the
movement of the virus from the infection site to upper leaves, lead-
ing to sSRNA-mediated resistance in distal tissues (Baulcombe, 2004;
Korner et al., 2018). Additionally, we cannot rule out the possibility
that abnormal phenotypes of N. benthamiana plants are caused by
the loss of function of specific development-related genes or pro-
teins, which might be targeted by specific effector proteins. Thus,
the precise mechanism of the exacerbation of PVX disease symp-

toms by an effector protein remains largely unknown.

The power of the VIVE approach relies on several factors, most
importantly the cell density of Agrobacterium cultures and the age of
N. benthamiana plants. A previous study showed that virus titre and
plant age are critical for the successful infection of plants and repli-
cation of the virus; young plants infected with a high virus concentra-
tion exhibit severely stunted growth (Ogwok et al., 2010). Consistent
with this result, our data showed that 10-14-day-old N. benthamiana
seedlings inoculated with Agrobacterium (OD,,, = 0.6-0.8) were
ideal for the screening of virulence effectors (Figure 1b-e). However,
high cell density can be used to screen weak virulence effectors.
Additionally, we were unable to examine the effect of other environ-
mental factors, such as temperature, on plant infection; these fac-
tors greatly affect plant-virus interactions and infection (Chellappan
et al., 2005).

In summary, our data suggest that the VIVE assay serves as a
general, straightforward, and unbiased method of obtaining rudi-
mentary information about the virulence determinants of various
plant pathogens. The identification of crucial virulence effectors
using the VIVE assay will broaden our understanding of the molec-
ular basis of pathogenesis and plant resistance in fundamentally di-

verse pathosystems.
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