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SUMMARY

A major limitation of molecular studies in powdery mildew fungi
(Erysiphales) is their genetic intractability. This is because they
are obligate biotrophs. In these parasites, biotrophy is deter-
mined by the presence of haustoria, which are specialized struc-
tures of parasitism that play an essential role in the acquisition of
nutrients and the deliverance of effectors. Podosphaera xanthiiis
the main causal agent of cucurbit powdery mildew and a major
limitation for crop productivity. In a previous study using P. xan-
thii conidia, we showed, for the first time, the transformation of
powdery mildew fungi by Agrobacterium tumefaciens. In this
work, we hypothesized that the haustorium could also act as a
natural route for the acquisition of DNA. To test our hypothesis,
melon cotyledons were agro-infiltrated with A. tumefaciens that
contained diverse transfer DNA (T-DNA) constructs harbouring
different marker genes under the control of fungal promoters
and, after elimination of the bacterium, the cotyledons were sub-
sequently inoculated with P. xanthii conidia. Our results conclu-
sively demonstrated the transfer of different T-DNAs from
A. tumefaciens to P. xanthii, including two fungicide resistance
markers (hph and tub2), a reporter gene (gfp) and a translational
fusion (cfp-PxEC2). These results were further supported by the
co-localization of translational fluorescent fusions of A. tumefa-
ciens VirD2 and P. xanthii Rab5 proteins into small vesicles of
haustorial and hyphal cells, suggesting endocytosis as the mech-
anism for T-DNA uptake, presumably by the haustorium. From
our perspective, transformation by growth onto agro-infiltrated
tissues (TGAT) is the easiest and most reliable method for the
transient transformation of powdery mildew fungi.
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INTRODUCTION

The haustorium-forming fungal pathogens, powdery mildew and
rust fungi, represent the largest groups of plant pathogens which,
together, cause diseases in thousands of plant species (Glawe,
2008; Park and Wellings, 2012). Powdery mildew and rust fungi
are obligate biotrophs; they are completely dependent on their
host plant for growth and propagation, a fact that conditions sig-
nificantly their lifestyle. A distinguishing feature of these obligate
biotrophs is the formation of a specialized structure of parasitism,
called the haustorium (Catanzariti et al,, 2007). Haustoria play an
essential role in the acquisition of nutrients from plant cells and
the deliverance of virulence factors, termed effectors (Wepling
et al., 2012). Fungal effectors are secreted proteins which, in the
case of biotrophic fungi, appear to be responsible for suppression
of the host immune response, modulation of the physiology or
modification of the structure of host cells to provide a favourable
environment for successful infection (Selin et al., 2016). However,
little is known about the role of powdery mildew and rust effec-
tors in pathogenesis and their implications in host-pathogen in-
teractions (Hacquard, 2014; Petre et al., 2014).

In recent years, the increasing interest in the study of powdery
mildew and rust effectors has uncovered the need to develop ef-
ficient methods to transform these families of obligate biotrophs.
However, this task is challenging because of the non-amenability
of these pathogens to traditional molecular genetics approaches,
mainly as a result of difficulties in culturing these species in vitro
(Martinez-Cruz et al., 2017; Petre et al., 2014). Despite the nu-
merous studies on transformation in filamentous fungi, the
stable transformation of powdery mildews and rusts remains
unresolved (Chaure et al,, 2000; Christiansen et al., 1995; Djulic
etal, 2011; Schillberg etal, 2000; Vela-Corcia etal., 2015;
Webb et al., 2006). A recently tested alternative to transform
rust and powdery mildew fungi is so-called Agrobacterium tu-
mefaciens-mediated transformation (ATMT) (Lawrence etal.,
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2010; Martinez-Cruz et al., 2017). This bacterium introduces into
the plant cell a DNA fragment, termed transfer DNA (T-DNA),
together with a set of virulence proteins coded by Ti-plasmid-
like VirD2 and VirE2 (Lai and Kado, 2000; Meyers et al., 2010;
Pelczar etal, 2004). The set T-strand covered by VirE2 and
linked to VirD2 is called the T-complex (Meyers et al., 2010). The
T-complex travels through the plant cytoplasm to the nucleus,
where the T-DNA can integrate into the host genome by random
recombination (Meyers et al., 2010; Pelczar et al., 2004).

The ATMT technique has been widely employed in the trans-
formation of different species of filamentous fungi, such as
Aspergillus awamori, Fusarium oxysporum and Penicillium digi-
tatum (Michielse et al.,, 2008, 2009 ; Wang and Li, 2008), leading
to stable transformation. However, its use in rust and powdery
mildew fungi is still far from routine. In the model flax rust fun-
gus Melampsora lini, the method seems to provide stable integra-
tions; however, the development of selection strategies based on
fungicide or herbicide resistance is still needed (Lawrence et al.,
2010). In the cucurbit powdery mildew fungus Podosphaera xan-
thii, the technique has been shown to be reproducible and reli-
able, but continues to result in a low number of transformants,
as a consequence of the physical damage induced to conidia by
co-incubation in an aqueous solution (Martinez-Cruz et al., 2017).

Host-induced gene silencing (HIGS) has become a reliable tool
for the determination of the role of powdery mildew and rust
effector candidates in the establishment of disease (Martinez-
Cruz et al., 2018; Nowara et al,, 2010; Panwar et al., 2013; Pliego
etal., 2013). This method is based on the ability of the patho-
gen to take up, presumably via haustoria, harpin RNA or RNAI
produced by plant cells after transformation with silencing con-
structs, which can subsequently induce gene silencing in hausto-
rial cells (Govindarajulu et al., 2015; Panwar et al., 2013). HIGS
results indicate the trafficking of RNA molecules from host plants
into powdery mildew and rust fungi, and suggest an additional
role for the haustorium in addition to the acquisition of nutrients
and the delivery of effectors.

Based on these antecedents and the close relationship estab-
lished between the powdery mildew haustoria and plant cells, we
hypothesized that the haustorium could also act as a ‘gateway’ for
the uptake of DNA as a novel route to introduce exogenous DNA
into obligate biotrophs. To test our hypothesis, we used P, xanthii
as a model powdery mildew species (Pérez-Garcia et al.,, 2009)
and A. tumefaciens as a vehicle to translocate DNA constructs into
plant and haustorial cells. We agro-infiltrated several T-DNA con-
structs under the control of fungal promoters into melon cotyle-
dons, which were subsequently inoculated with P. xanthii conidia.
Our results conclusively showed the transfer of resistance markers
and translational fusions from A. tumefaciens to P. xanthii. These
results were further supported by the co-localization of A. tumefa-
ciens VirD2 and a P, xanthii Rab protein into small vesicles of haus-
torial and hyphal cells, providing clues about the process of T-DNA
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uptake. The method, designated TGAT (transformation by growth
onto agro-infiltrated tissues), is discussed as a potent tool for the
development of genetic studies in powdery mildew fungi or other
biotrophic fungal pathogens, whose host cells can easily be trans-
formed by A. tumefaciens.

RESULTS

Acquisition of phenotypes by P. xanthii after growth
onto agro-infiltrated tissues

Considering the intimate interaction established between the
haustorium of powdery mildews and plant cells, and the ef-
ficiency of transformation of plant cells exhibited by A. tu-
mefaciens, we decided to exploit these features to transform
P. xanthii, using Agrobacterium to introduce T-DNA constructs
(Fig. S1, see Supporting Information) into plant cells and, prob-
ably, also into haustorial cells. First, to demonstrate that the
transformation of P. xanthii does not occur by the direct contact
of A. tumefaciens cells with conidia, we conducted an analy-
sis of the persistence of bacterial cells on the melon cotyledon
surface. For this purpose, 24 h after treatment of the infiltrated
cotyledons with cefotaxime, leaf samples were stained with 4',6-
diamidino-2-phenylindole (DAPI) and analysed by epifluorescence
microscopy. We observed that agro-infiltrated melon cotyledons
treated with cefotaxime did not present bacterial cells on the leaf
surface (Fig. S2b, see Supporting Information). In contrast, agro-
infiltrated melon cotyledons not treated with cefotaxime pre-
sented high accumulation of bacterial cells distributed following
junction lines between epidermal cells (Fig. S2d, arrow).

After checking that cefotaxime kills Agrobacterium cells on the
leaf surface, we proceeded to study the growth of P. xanthii onagro-
infiltrated melon cotyledons. Thus, we initially agro-infiltrated
two different T-DNA constructs harbouring two different selection
markers, pPK2-hphgfp (hygromycin B resistance) and pPK2Tgfp
(carbendazim resistance), in melon cotyledons and, as established
in a previous study, the cotyledons were submerged in the corre-
sponding selective agent solution after inoculation with powdery
mildew conidia (Martinez-Cruz et al., 2017). Resistant colonies
were obtained with both constructs at 10-12 days after patho-
gen inoculation (Fig. S3, see Supporting Information). However,
hygromycin B-treated cotyledons suffered severe phytotoxicity
damage (Fig. S3, arrowhead), which could negatively affect the
transformation efficacy. Moreover, hygromycin B- and carbendaz-
im-resistant colonies were small and did not cover completely the
cotyledons, as occurs in the absence of selective agent or when a
naturally carbendazim-resistant isolate is used (data not shown).
Data obtained for each construct showed that, in all cases, trans-
formed colonies were obtained; however, the number of carben-
dazim-resistant colonies was consistently more than twice that of
hygromycin B-resistant colonies (Table 1). Furthermore, to anal-
yse the stability of transformants, carbendazim- and hygromycin

© 2018 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2018)

85UBD1T SUOWIWOD BAIRERID 3|dedl|dde 8y AG paueA0b 88 Saple O ‘8SN JO S3|NJ o} A%eiq 1 8UIIUO AB|I/ UO (SUOHPUOD-PUR-SLLBY WD A8 | 1M Afe.d 1 fou|UO//SdRY) SUOIPUOD pue SWwe L 84} 835 *[7202/2T/90] uo ARiqiiauljuo AB|IM ‘22,2t ddw/TTTT 0T/10pAu00 8| im Arelgifeuliuo'sfeunofddsqy/sduy wo.y papeojumoq ‘TT ‘8TOZ ‘€0LEVIET



2504 J. MARTINEZ-CRUZ et al.

Table 1 Transformation efficiency of Podosphaera xanthii after agro-infiltration of the plasmids, elimination of bacteria and inoculation of conidia.

Plasmids Assays Mean*
Ist 2nd 3rd 4th 5th 6th

pPK2-hphgfp 1" 15 8 13 5 6 9.7 +1.62

pPK2Tgfp 26 27 18 1" 24 19 20.8 + 2.46

"Mean of transformed colonies obtained per assay = standard error (SE).

"Number of colonies resistant to the corresponding fungicide obtained in each assay.

DIC

GFP

Merge

Fig. 1 Confocal laser scanning microscopy (CLSM) analysis of a Podosphaera xanthii hygromycin B-resistant colony obtained after transformation of a melon
cotyledon with the transfer DNA (T-DNA) of pPK2-hphgfp and inoculation with P xanthii conidia. (a—c) Presence of green fluorescent protein (GFP) signals in
some hyphae. The overlay of differential interference contrast (DIC) and GFP images shows the irregular distribution of the fluorescence signal within the hyphae.
Bar, 25 pm. (d—f) Details (white box) of one of the GFP-expressing hyphae (h) showing how GFP fluorescence is distributed in the cytoplasm of the fungal

cell, presenting areas with no signal (arrows) and GFP agglomeration (asterisks). The overlay of the DIC and GFP images shows the GFP signal restricted to a
transformed hypha, whereas an adjacent hypha does not present fluorescence (arrowhead). Scale bar, 5 um.

B-resistant colonies were transferred to fresh melon cotyledons
and treated with the corresponding selective agent. After 12 days
of incubation, resistant colonies did not grow in the presence of
selective pressure.

The T-DNA constructs used initially for P. xanthii transforma-
tion also harboured the gfp reporter gene. Before the analysis
of green fluorescent protein (GFP) fluorescence in the resistant
colonies, we analysed the transformation of the plant cells with
the same constructs to rule out the possibility of GFP expres-
sion in the plant cells and the subsequent uptake of GFP by the
pathogen. We transformed the plant cells with the binary vector
pGWB6 which contains the gfp allele under the control of the 355
promoter (Fig. S1). The fluorescence signal was homogeneously
distributed in the plant cells, but not in the fungi (Fig. S4b, see
Supporting Information). In parallel, melon leaves infiltrated with
the plasmid pPK2-hphgfp (Fig. S1), which contains the gfp gene

under the control of the gpdA promoter from Aspergillus nidu-
lans, did not present any fluorescence signal (Fig. S4d), which
indicated that the plant cells do not express the GFP protein from
the corresponding T-DNA construct.

After this test, we analysed resistant colonies for GFP fluores-
cence. We observed that the hyphae of P. xanthii that grew over
the zones infiltrated with the pPK2-hphgfp plasmid presented
profuse fluorescence signals that were not observed in the frac-
tion of the fungal colonies that grew outside the limits of the in-
filtrated area (Fig. S5¢, see Supporting Information). To observe
in detail the pattern of fluorescence distribution, hygromycin B-
and carbendazim-resistant colonies were analysed by confocal
laser scanning microscopy (CLSM). In the transformants resistant
to hygromycin B obtained with the T-DNA of the pPKT2-hphgfp
plasmid, the GFP signal was observed in the cytoplasm of some
hyphae (Fig. 1), but not in others. In addition, in the cytoplasm of
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Fig. 2 Confocal laser scanning microscopy (CLSM) analysis of a Podosphaera xanthii carbendazim-resistant colony obtained after transformation of a melon
cotyledon with the transfer DNA (T-DNA) of pPK2Tgfp and inoculation with £ xanthii conidia. (a—d) Presence of green fluorescent protein (GFP) signals along
hyphae and staining of fungal membranes with FM4-64 membrane-specific dye. Scale bar, 25 pm. (e—h) Details (white box) of some GFP-expressing hyphae (h).
GFP signals are present in the cytoplasm in the form of several agglomerations (arrowhead). FM4-64 staining reveals the presence of vesicles (arrows). Overlay of
differential interference contrast (DIC) and CLSM images shows that the GFP signal does not co-localize with vesicles (arrows). Scale bar, 10 pm.

the transformants obtained with the T-DNA of the pPKT2-hphgfp
plasmid, GFP aggregates and areas with no fluorescence signal
could be observed (Fig. 1e,f). In the case of transformants resis-
tant to carbendazim obtained with the T-DNA of the pPK2Tgfp
plasmid (Fig. S1), a similar pattern of fluorescence distribution
was observed (Fig. 2). Moreover, double staining with the FM4-
64 dye showed that the GFP aggregates in the cytoplasm did not
co-localize with vesicles (Fig. 2f,g). Indeed, some areas strongly
stained with FM4-64 did not show a GFP signal (Fig. 2h).

Molecular analysis of P. xanthii transformants

The presence of T-DNA in putative P. xanthii transformant colo-
nies was first evaluated by polymerase chain reaction (PCR)
analysis using genomic DNA obtained from epiphytic biomass as
a template. As expected from the phenotypic analysis, amplifica-
tion signals of the expected size were obtained from all trans-
formants, but not for untransformed colonies: 0.7 kb for the hph
amplicon in the T-DNA of pPK2-hphgfp (Fig. S6a, see Supporting
Information), and 0.8 kb for gfp and 2.2 kb for tub2::gfp ampli-
cons in the T-DNA of pPKT2gfp (Fig. S6b). In the 2086 wild-type
strains, the only signal of amplification was a 1.3-kb fragment
obtained for the p-tubulin gene Tub2 which was used as a posi-
tive control for amplification (Fig. S6a,b).

As a consequence of the small size of the resistant colonies,
the amount of DNA that could be isolated was insufficient to

carry out Southern blot analysis. Thus, we conducted thermal
asymmetric interlaced-PCR (TAIL-PCR) analysis to identify the
locus of integration of the T-DNA into the genome of four ran-
domly selected P. xanthii transformants. After three rounds of
PCR to enrich the amplification of the T-DNA border regions
using three consecutive internal left and right border primers
(LB1, LB2, LB3 or RB1, RB2, RB3), in combination with a degen-
erate primer (AD1), we obtained amplicons with different sizes
(Fig. S7, see Supporting Information).

From the PCR products of the third round of TAIL-PCR, those
with a difference of approximately 200 bp in comparison with
the second-round products were isolated and sequenced (Fig. S7,
white boxes). The analysis of the flanking sequences of the in-
sertion sites of the T-DNA from the selected transformants re-
vealed the loss of some nucleotides (3—88 nucleotides) at both
borders, and the absence of similarity between them (Table S1,
see Supporting Information), suggesting that T-DNA integra-
tion occurred randomly into the P. xanthii genome. In addition,
BLAST searches revealed different integration sites for the trans-
formants, including mostly intergenic regions in the proximity of
several fungal hypothetical protein genes and an internal tran-
scribed spacer (Table S2, see Supporting Information). Taken
together, our results suggested that A. tumefaciens was indeed
capable of transforming P. xanthii after infiltration into melon
cotyledons.
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PxEC2-GFP
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Fig.3 Subcellular localization of the Podosphaera xanthii protein PXEC2. Melon cotyledons were transformed with the transfer DNA (T-DNA) of pPK2-PxEC2gfp
and inoculated with P. xanthii conidia, and the fungal structures were examined by confocal laser scanning microscopy (CLSM). The photographs show the

CLSM analysis of the periphery of the P. xanthii PXEC2-GFP transformant colony illustrated in Fig. S9. (a—d) The PxEC2-GFP signal is located at the hyphal tips
(arrowheads). Scale bar, 50 um. (e—h) Details (white box) of one of the PxEC2-GFP-expressing hyphal tips. The staining of membranes with FM4-64 dye (red)
shows the co-localization of the PXEC2-GFP signal with the fungal membrane (arrows). Scale bar, 10 um. DIC, differential interference contrast; GFP, green

fluorescent protein. [Colour figure can be viewed at wileyonlinelibrary.com]

Subcellular localization of P. xanthii protein PXEC2

Once we had demonstrated that agro-infiltration could be an ef-
ficient system to transform P. xanthii, we considered the poten-
tial applications of this technique for powdery mildew research.
An attractive application of the transformation of powdery mil-
dew fungi is the study of the fungal genes putatively involved in
the interaction with the host. Some of these genes encode puta-
tive secreted proteins containing cysteine-rich fungal extracellu-
lar membrane (CFEM) domains, which are believed to play a role
in fungal pathogenesis (Kulkarni et al., 2003). In P. xanthii, one
of these genes is a possible homologue of the Golovinomyces
orontii EC2 gene (Fig. S8, see Supporting Information), which
encodes a putative effector protein (Schmidt et al,, 2014; Vela-
Corcia et al., 2016). Considering the predicted location of these
proteins at the fungal membrane, we designed an experiment
to determine the subcellular localization of P. xanthii EC2 using
a translational fluorescent fusion. For this purpose, we agro-
infiltrated melon cotyledons with the plasmid pPK2-PxEC2gfp, a
construct containing the translational fusion of PXEC2 to the gfp
gene (Fig. S1), and inoculated them with P. xanthii conidia. By
epifluorescence microscopy, in the area agro-infiltrated with the
plasmid pPK2-PXEC2gfp, the fungal colony showed an intense
fluorescence, especially at the periphery, where fungal hyphae
were actively growing (Fig. S9, arrowheads, see Supporting
Information). By contrast, the central region of the colony, and
hence the oldest, did not show fluorescence (Fig. S9, asterisk).
The exact location of PXEC2-GFP was not obvious by epifluores-
cence microscopy; therefore, fluorescent colonies were analysed
by CLSM. The PXEC2-GFP signal was only observed around hy-
phal tips (Fig. 3b—d, arrowheads). At higher magnification, GFP

fluorescence appeared to be associated with the membrane of
the fungal cells at the growing tip of the hypha, as indicated by
the apparent co-localization of the GFP signal with the red signal
corresponding to the membrane-specific dye FM4-64 (Fig. 3f-h,
arrowhead). In conclusion, using this method, we successfully
expressed a fusion protein in P. xanthii and observed a fluores-
cence signal distribution completely different from that observed
previously with the other T-DNA constructs, which reinforced the
robustness of the transformation technique.

Subcellular localization of A. tumefaciens VirD2
protein in the nucleus and endosomes

The results of the phenotypic and molecular characterization of
P. xanthii transformants suggested that, indeed, A. tumefaciens
was able to translocate the T-DNA into fungal cells. It is well
known that T-DNA enters the plant cell using a type IV secre-
tion system (T4SS) involving the production of a T-pilus; however,
what is the mechanism that allows the entry of T-DNA into the
fungal cells in this case? To address this question, we first ex-
pressed the A. tumefaciens protein VirD2, the protein responsible
for guiding the T-DNA to the nucleus, fused to the enhanced GFP
(eGFP) protein (Fig. S1). Prior to the agro-infiltration of melon
cotyledons, we tested the plasmid pGWB6-egfpVirD2 for fungal
transformation to rule out the possibility of the expression of the
eGFP-VirD2 fusion by fungal cells. After direct transformation of
P. xanthii conidia by ATMT (Martinez-Cruz et al., 2017), colonies
transformed with the T-DNA of pGWB6-egfpVirD2, which contain
the egfp-VirD2 fusion under the control of the 35S promoter, did
not present any fluorescence signal (Fig. S10b, see Supporting
Information). Conversely, P. xanthii colonies transformed with
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Hoechst

Fig. 4 Subcellular localization of the Agrobacterium protein VirD2 in Podosphaera xanthii. Melon cotyledons were agro-infiltrated with pGWB6-VirD2 and
inoculated with P. xanthii conidia, and the fungal structures were examined by confocal laser scanning microscopy (CLSM). For the visualization of nuclei and
membranes of P. xanthii hyphal cells (h), staining with Hoechst (blue) and FM4-64 (red) dyes, respectively, was performed. (a—e) After 5 min of exposure to FM4-
64, only the fluorescence signals of eGFP-VirD2 (green) and nucleus (N) co-localized (arrowheads). (f—j) After a 30-min exposure to FM4-64, vesicles (arrows) and
vacuoles (asterisk) were visible. Under these conditions, the eGFP-VirD2 signal was found to co-localize with the nucleus (N) and with putative vesicles (arrows).
Furthermore, the eGFP-VirD2 signal was also observed in a large vacuole (asterisk). Scale bars, 5 um. DIC, differential interference contrast; GFP, green fluorescent

protein. [Colour figure can be viewed at wileyonlinelibrary.com]

the T-DNA of pPK2-hphgfp, which contains the gfp gene under
the control of the gpdA promoter from A. nidulans, presented a
homogeneous fluorescence signal (Fig. $10d).

After this check, the construct pGWB6-egfpVirD2 was
agro-infiltrated into melon cotyledons, which were subsequently
inoculated with P. xanthii conidia. Five days after inoculation, we
observed a fluorescence signal in fungal colonies by epifluores-
cence microscopy. As observed for the other constructs, only that
part of the colony that grew above the infiltrated area emitted
eGFP fluorescence, which was distributed irregularly, accumulat-
ing as foci in the fungal hyphae (Fig. S11, asterisks, see Supporting
Information). To determine the exact location of the fluorescence
signal, we carried out CLSM analysis. The eGFP signal was re-
stricted to a small area of the haustorium, presumably the nu-
cleus (Fig. S12b,c, arrowheads, see Supporting Information). To
confirm the nuclear localization of the eGFP-VirD2 signal, dou-
ble staining with the DNA-specific dye Hoechst (blue) and the
membrane-specific dye FM4-64 (red) was performed. By this
approach, localization of the eGFP-VirD2 signal in the nucleus
of the fungal cell was demonstrated (Fig. 4a—e, arrowhead).
Longer exposure to FM4-64 allowed the staining of other mem-
branous structures, such as small vesicles, which eventually
also contained eGFP-VirD2-associated signal (Fig. 4f—j, arrows).
Moreover, eGFP-VirD2 signal was also found to be associated
with a large vacuole (Fig. 4g,j, asterisks).

The association of the eGFP-VirD2 signal with small
vesicles was further corroborated by the co-localization of

Agrobacterium VirD2 with fungal Rab5, a protein that localizes
in early endosomes. For this purpose, the translational fusion
of cyan fluorescent protein (CFP) to PxRab5 was constructed,
yielding the plasmid pPK2-cfpPxRab5 (Fig. S1). In this experi-
ment, pPK2-cfpPxRab5 and pGWB6-egfpVirD2 plasmids were
co-infiltrated into melon cotyledons, which, once again, were
inoculated with P. xanthii conidia. After incubation, hyphal
and haustorial cells were isolated and analysed by CLSM. As
anticipated, in haustorial and hyphal cells, the signal corre-
sponding to eGFP-VirD2 (green) was found to co-localize with
the signal associated with CFP-PxRab5 (cyan) (Figs 5a and S13,
see Supporting Information). Moreover, we observed some eG-
FP-VirD2 signal co-locating with an intense CFP-PxRab5 signal
around the extrahaustorial membrane (Fig. 5a, arrowhead). The
co-localization was confirmed by signal quantification, show-
ing that the relative intensities of CFP and eGFP in the vesicles
of haustorial and hyphal cells were identical (Fig. 5b). Taken
together, these results conclusively demonstrated that the
Agrobacterium transformation machinery was indeed responsi-
ble for the transformation of the fungal cells, and suggested en-
docytosis by the haustorium as the mechanism of VirD2 uptake
and, hence, of T-DNA uptake. Furthermore, the observation of
specific signals associated with two different translational fu-
sion proteins (PXEC2-GFP and CFP-PxRab5) confirmed the re-
liability and robustness of the transformation method, as well
as its potential for different applications in powdery mildew
research.
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Fig. 5 Subcellular localization of the Agrobacterium protein VirD2 and the endocytic vesicle-associated fungal protein Rab5 in Podosphaera xanthii
transformants. Melon cotyledons were co-agro-infiltrated with pGWB6-egfpVirD2 and pPK2-cfpRab5 containing the translational fusions eGFP-VirD2 and CFP-
Rab5, respectively, and inoculated with P. xanthii conidia; the fungal structures were examined by confocal laser scanning microscopy (CLSM). (a) CLSM analysis
of eGFP-VirD2 (green) and CFP-Rab5 (blue) fusions in P. xanthii haustorial and hyphal cells. Top row: intact isolated haustorium with extrahaustorial membrane
(arrowhead) showing the co-localization of eGFP-VirD2 and CFP-Rab5 signals (arrows). Scale bar, 5 ym. Bottom row: isolated hypha also showing the co-
localization of the eGFP-VirD2 and CFP-Rab5 signals. Scale bar, 20 ym. (See Fig. S13 for additional haustorial and hyphal cells.) (b) Signal intensity of eGFP-VirD2
and CFP-PxRab5 in putative vesicles of haustorial and hyphal cells. Cross-sectional lines (1 and 2) were drawn over putative vesicles of haustorial and hyphal cells;
the signal was quantified using the Leica Microsystems LAS AF image analysing program. The eGFP-VirD2 and CFP-PxRab5 signals show overlapping intensity,
confirming the presence of VirD2 in, presumably, endocytosis vesicles. CFP, cyan fluorescent protein; DIC, differential interference contrast; GFP, green fluorescent

protein. [Colour figure can be viewed at wileyonlinelibrary.com]

DISCUSSION

To date, a number of methods for the transformation of fila-
mentous fungi have been developed (Jiang et al., 2013). Some
have been tested in powdery mildews, but, unfortunately, the
transformation is unstable and the number of transformants is, if

any, very low (Martinez-Cruz et al., 2017). The problematic han-
dling of these fungi, together with the fragility of their spores,
led us to consider alternative ways to introduce exogenous DNA.
Powdery mildew fungi establish an intimate relationship with
their host through the haustorium (Martinez-Cruz et al., 2014).
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The haustorium mediates the exchange of diverse factors with
the plant, including the uptake of small RNAs; thus, we reasoned
that this uptake activity could be exploited to efficiently trans-
form P. xanthii with exogenous DNA (Martinez-Cruz et al., 2018;
Panwar et al, 2013; Pliego etal, 2013). Thus, we conceived
agro-infiltration as a method to transform plant cells and, ideally,
haustorial cells, using a variety of vectors previously employed to
transform P. xanthii conidia with A. tumefaciens (Martinez-Cruz
et al., 2017). By doing so, we reasoned that the T-DNA contained
in the plant cytoplasm could somehow be taken up by P. xanthii
haustoria. Our results show that P. xanthij, and perhaps other
haustorium-forming fungal pathogens, can be easily transformed
by growing them on agro-infiltrated tissues.

The promiscuous infectivity of A. tumefaciens might lead
to the argument that direct infection of P. xanthii conidia is re-
sponsible for the transformation. However, in our transforma-
tion method, cotyledons were treated with cefotaxime prior to
powdery mildew inoculation to kill Agrobacterium cells, thus
preventing the direct transformation of conidia. In addition, after
infiltration, most Agrobacterium cells are restricted to the ap-
oplast (Goulet et al., 2010), whereas P. xanthii haustoria develop
within epidermal cells (Martinez-Cruz et al., 2014); therefore, di-
rect contact between Agrobacterium and fungal cells is unlikely.

Compared with the ATMT method, in which Agrobacterium
transforms conidia (Martinez-Cruz et al., 2017), the number of
P. xanthii colonies resistant to either carbendazim or hygromycin
B obtained by TGAT was 10 times higher, probably because of
the non-aggression towards the fungus. In the ATMT method,
conidia are exposed to the stress caused by the co-cultivation
with A. tumefaciens in an aqueous solution (Martinez-Cruz
etal., 2017). In our study, we also observed a consistently higher
number of transformants (twice) resistant to carbendazim than
to hygromycin B. This is a recurrent finding (Martinez-Cruz et al.,
2017; Vela-Corcia et al., 2015) that led us to propose that the loss
of viability of the plant cells inflicted by hygromycin B was the
most probable explanation of the reduced number of transfor-
mants, a fact that will prevent its use in further studies.

Some of the transformants were analysed further, both phe-
notypically and molecularly. We demonstrated that, apart from
showing antifungal resistance, these transformants expressed
GFP in a robust manner. In addition, molecular analyses showed
that these transformants contained the artificial constructs:
first, by PCR analysis to detect the constructs in fungal DNA
and, second, by TAIL-PCR analysis to obtain the T-DNA flanking
regions. The sequence analysis confirmed the existence of dif-
ferent genomic T-DNA integration sites for each transformant.
Interestingly, and as observed previously (Martinez-Cruz et al.,
2017), most of the integration sites seemed to be intergenic re-
gions. Powdery mildews are obligate parasites which have lost
many genes during evolution and host adaptation, probably
keeping essential ones (Spanu et al., 2010). It is possible that
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many T-DNA insertions occur, but most may cause fitness cost
penalties, and only those inserted in non-coding regions de-
velop. Altogether, our results indicated that P. xanthii was able
to take the T-DNA from the plant cell cytoplasm and integrate it
into the genome. Unfortunately, transformation was found to be
unstable, as the transformants could not be cultivated further.
Probably, as documented previously for P. xanthii transformants
obtained by ATMT of conidia, the T-DNAs are excised from the
genome (Martinez-Cruz et al., 2017).

Effector biology is a growing field and is one of the main rea-
sons for the investment of efforts to develop a reliable method
for the transformation of powdery mildew fungi. Although there
are alternative systems, such as HIGS, for the functional analy-
sis of powdery mildew effector candidate genes (Ahmed et al.,
2015; Martinez-Cruz et al., 2018; Pennington et al., 2016; Pliego
et al,, 2013; Whigham et al., 2015), the localization and secretion
of these candidates remain a problem. To test the reliability of the
TGAT method, in this work, we also aimed to localize subcellu-
larly a powdery mildew protein as a translational fusion. For this
purpose, we chose the CFEM domain-containing protein PxEC2.
The CFEM domain proteins are membrane-associated proteins
(Kulkarni et al., 2003). Such evidence has been corroborated in a
previous study, where a CFEM domain protein from Magnaporthe
oryzae was located in the fungal membrane (Ramanujan et al.,
2013). The predicted subcellular location of PXEC2 as a CFEM
domain protein was the reason why we selected this protein. As
expected, the PxEC2-GFP signal co-located with the membrane
of P. xanthii. Moreover, the PxEC2-GFP signal was observed in
the tips of the growing hyphae of the outer parts of the colony,
as also described in M. oryzae (Ramanujan et al., 2013).

It is well established how T-DNA enters the plant cell.
However, how does the T-DNA transit from the plant cytoplasm
to finally reach the fungal cells? The Agrobacterium Vir proteins
VirD2 and VirE2 are the accompanying proteins of T-DNA and
the proteins responsible for driving the T-DNA to the nucleus
(Bhattacharjee et al., 2008; Eckardt, 2004; Pelczar et al., 2004).
To determine the mechanisms of entry of T-DNA into the fungal
cell, we decided to study the subcellular localization of the VirD2
protein in P. xanthii. For this study, we carried out the expression
of the eGFP-VirD2 translational fusion in melon cotyledon cells,
because it is known that the GFP-VirD2 fusion is unable to cross
the T-pilus formed by A. tumefaciens because of its excessive
size, being retained in the bacterial cytoplasm (Bhattacharjee
etal., 2008). By CLSM analysis, we detected the eGFP-VirD2
signal in the nucleus of fungal cells and in some putative vesi-
cles. Further, the direct transformation of conidia of P. xanthii by
ATMT showed that the T-DNA of pGWB6-egfpVirD2 is not func-
tional in the fungus, and so the eGFP-VirD2 fusion is taken up by
the pathogen, thus supporting our original idea that the P. xan-
thii haustorium would be able to take up the T-complex from the
plant cytoplasm. However, how can the T-complex be taken up
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by the haustorium? The two possible methods of entry of the
T-complex could be those previously described for the uptake of
molecules by fungi, that is, osmotrophic feeding and endocytosis
(Higuchi et al., 2006; Michael et al., 2009; Read and Kalkman,
2003; Richards and Talbot, 2013).

In a previous study, the transcriptomic analysis of P. xanthii
epiphytic structures revealed the presence of Rab transcripts,
which encode proteins dedicated to endocytosis (Vela-Corcia
etal., 2016). Therefore, to test the ‘endocytosis hypothesis’,
we carried out the localization of VirD2 and Rab proteins. Rab
proteins are small monomeric GTPases that regulate many
steps of membrane trafficking, including vesicle formation,

Inoculation of P. xanthii
onto zucchini cotyledons
and incubation for 12 days
at 22 °C

A 4

Suspension of conidia

vesicle movement and recruitment of effectors (Jovic et al., 2010;
Stenmark, 2009). Rab5 is the most extensively analysed Rab pro-
tein of the early endocytic pathway and regulates the entry of
the cargo from the plasma membrane to the early/sorting endo-
somes (Cavalli et al., 2001; Jovic et al., 2010). The co-localization
of eGFP-VirD2 and CFP-PxRabb fusions in haustorial and hyphal
vesicles, observed by confocal microscopy, supported the ‘endo-
cytosis hypothesis'. In addition, it was observed that Rab5 was
abundantly present in the haustoria, the organs responsible for
the nutrient uptake from the plant cell, and, especially, in the
extrahaustorial membrane. However, it is interesting to note that
not all Rab5-containing vesicles showed eGFP-VirD2 signals. This

Inoculation of A.
tumefaciens on LB plates
and incubation for 3 days

at 28 °C

|

Inoculation of A. tumefaciens
LB broth and incubation
overnight at 28 °C

!

Induction of A. tumefaciens
with acetosyringone

|

Infiltration of A. tumefaciens
into melon cotyledons

!

24 h after infiltration: rinsed
cotyledons in cefotaxime

48 h after infiltration: inoculation
of cotyledons with suspension
of conidia

!

48 hpi: rinsed cotyledons in
selection marker

!

Selection of transformants after
10-12 days of incubation

Fig. 6 Flow diagram of the method for the transformation of Podosphaera xanthii, designated as ‘transformation by growth onto agro-infiltrated tissues’

(TGAT). hpi, hours post-inoculation; Lysogeny Broth (LB).
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was expected because not all of these vesicles contain the VirD2
protein. Moreover, we also observed the co-localization of VirD2
and Rabb fusion signals in the extrahaustorial membrane, which
suggests that VirD2, and hence the T-complex, is preferentially
taken up by the haustorium. In the light of these results, we
provide a model that proposes endocytosis by the haustorium as
the most probable method of T-complex capture from the plant
cytoplasm (Fig. S14, see Supporting Information). Once internal-
ized by the haustorial cell, the T-DNA may follow two alternative
pathways: integration into the fungal genome of haustorial or
hyphal cells, or degradation in the fungal vacuoles. The results
presented here demonstrate the transfer of genetic material from
A. tumefaciens to an obligate biotrophic fungus, in a process
facilitated by the plant cell, in which the haustorium seems to
play a pivotal role.

CONCLUSIONS

We have designed a novel transformation method for powdery
mildew fungi which relies on the use of Agrobacterium to trans-
form the pathogen simply by its growth on previously agro-in-
filtrated tissues (Fig. 6). Unlike previous methods developed for
powdery mildews, we demonstrate the robustness and reproduc-
ibility of our method by assessing different constructs including
translational fusions and transforming the cucurbit powdery mil-
dew pathogen P. xanthii. As Agrobacterium naturally has a wide
host range in plants, primarily dicot species (Pitzschke, 2013), we
anticipate that TGAT is likely to work for other powdery mildews
and other haustorium-forming fungal pathogens, whose hosts
are capable of being transformed by Agrobacterium. The hausto-
rium, essential in their lifestyle, mediates the uptake of nutrients
and the secretion of fungal effectors but, as shown in this work,
may also represent the ‘entrance door’ for foreign genetic mate-
rial in obligate biotrophs.

EXPERIMENTAL PROCEDURES
Fungi, plants and bacteria

The P. xanthii isolate 2086 was cultured and maintained on zuc-
chini (Cucurbita pepo L.) cotyledons cv. Negro Belleza (Semillas
Fito, Barcelona, Spain) in an 8-cm Petri dish under a 16-h light/8-
h dark cycle at 22 °C for 1 week (Alvarez and Torés, 1997). For
agro-infiltration experiments, melon (Cucumis melo L.) cotyle-
dons cv. Rochet (Semillas Fitd) were used. Zucchini and melon
seedlings were grown from seeds previously germinated in the
dark, in a growth chamber with a 16-h light/8-h dark cycle at
25 °C until use. The Escherichia coli strain DH5a, used in the
construction, propagation and amplification of the vectors, was
grown at 37 °C in LB medium containing kanamycin (50 pg/mL).
The A. tumefaciens strains LBA4404 and C58C1, used in agro-
infiltration assays, were grown at 28 °C in LB medium containing
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rifampicin (50 pg/mL) and kanamycin (50 pg/mL). The fungicides
hygromycin B and carbendazim were used at 100 pg/mL and
600 pg/mL, respectively, when required.

Construction of binary vectors

The T-DNAs of the binary vectors used in this study are shown in
Fig. S1. The primer sequences used in this work are displayed in
Table S3 (see Supporting Information). The plasmids pPK2-hph-
gfp and pPK2Tgfp have been described previously (Martinez-
Cruz etal, 2017). The plasmid pPK2-PXxEC2gfp contains the
translational fusion of the CFEM domain protein PXEC2 from
P. xanthii (ACCN KY979944) (Vela-Corcia et al., 2016) to GFP. To
build the pPK2-PxEC2gfp plasmid, the PxEC2 gene was amplified
from P. xanthii cDNA using the primer pair PXEC2-F and PxEC2-R.
Total RNA was isolated from melon cotyledons containing 9-day-
old P. xanthiicolonies using a TRI Reagent® RNA isolation system
(Sigma-Aldrich, Steinheim, Germany). To remove DNA contami-
nation, a DNA TURBO DNA-free kit® (Ambion, Barcelona, Spain)
was used. cDNAs were then synthesized using Superscript® Il
Reverse Transcriptase (Invitrogen, Madrid, Spain) and Oligo
dT(20) primer (Invitrogen). The PgpdA promoter and the gfp
gene were separately amplified from pPK2-hphgfp vector using
the primer pairs PgpdA-F/PgpdA-R-PxEC2 and gfp6F1-PxEC2/
gfp6R1-Apal, respectively, and fused to the PxEC2 cDNA frag-
ment by overlapping PCR using the primer pair PgpdA-F and
gfp6R1-Apal. The 3.4-kb fragment was digested with Apal
and Kpnl restriction enzymes and cloned into the same cut of
pPK2-hphgfp.

The pPK2-cfpRab5 vector contains a sequence consisting of
the P. xanthii Rab5 cDNA (ACCN KY979945) encoding a small
GTP-binding protein that regulates membrane trafficking fused
to the cfp gene. To construct the pPK2-cfpRab5 plasmid, the
Rab5 allele from isolate 2086 was amplified using the primer pair
Rab5-F and Rab5-R. The PgpdA promoter was amplified from
pPK2-hphgfp as indicated above, and the cfp allele was ampli-
fied from pKM008 with the primer pair CFP-F and CFP-R. These
fragments were fused to the DNA fragment of the Rab5 allele
by overlapping PCR using the primers PgpdA-F and Rgfp6-Apal.
The purified 3.5-kb fragment was digested with Apal and Kpnl
restriction enzymes and cloned into the cut vector pPK2-hphgfp.

The pPK2-PxEC2gfp and pPK2-cfpRab5 plasmids were
checked by PCR and digestion, and cloned and maintained
in E. coli DH5a.. The pPK2-hphgfp vector was transferred to
A. tumefaciens LBA4404, and pPK2Tgfp, pPK2-PxEC2gfp and
pPK2-cfpRab5 were separately transferred to A. tumefaciens
C58C1.

For the subcellular localization of the A. tumefaciens VirD2
protein, the pGWB6-egfpVirD2 vector was constructed using
the Gateway™ Cloning system (Invitrogen). The vector contains
the translational fusion of egfp to VirD2. To build the plasmid,
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the VirD2 gene was amplified using the primers VirD2donor-F
and VirD2donor-R with the corresponding attB1 and attB2 tails
from A. tumefaciens C58C1. The resulting PCR product was
re-amplified with attB1 and attB2 primers to add the att se-
quences. The final PCR product was introduced into the donor
vector pDONR207 (Invitrogen) by BP reaction. Then, the PCR
product was integrated into the binary vector pGWB6 (Nakagawa
et al., 2007) by LR reaction (Invitrogen). Recombination reactions
were performed as described in the manufacturer’s instructions
(Invitrogen). The recombinant plasmid was introduced into
E. coli DH5« and verified by PCR and digestion. The resulting
pGWB6-egfpVirD2 vector was finally transferred to A. tumefa-
ciens C58C1 by electroporation.

Agro-infiltration assay

For this assay, 5-mL cultures of A. tumefaciens LBA4404 or
C58C1, harbouring the corresponding T-DNA construct, were
grown overnight at 28°C in LB broth containing rifampicin
(50 pg/mL) and kanamycin (50 pg/mL) in an orbital shaker at
200 rpm. Subsequently, the cultures were prepared and infil-
trated into melon cotyledons as described previously (Martinez-
Cruz et al., 2018).

Twenty-four hours after infiltration, the cotyledons were
rinsed with cefotaxime (200 pg/mL) to kill Agrobacterium cells
(Dubresson et al., 2008). Twenty-four hours later, the leaves were
inoculated by pulverization with fresh suspensions of P. xanthii
conidia (10° spores/mL). For the selection of P. xanthii transfor-
mants, 48 h after the inoculation of conidia, the leaves were
immersed in solutions of hygromycin (100 pg/mL) or carben-
dazim (600 pg/mL), according to plasmid-encoded resistance.
The plants were maintained under a 16-h light/8-h dark cycle at
25 °C for 10-12 days to allow the development of transformants.

Epifluorescence microscopy

Fluorescence analyses of agro-infiltrated melon cotyledons
and transformed P. xanthii colonies were performed using a
Nikon AZ-100 epifluorescence microscope (Nikon, Tokyo, Japan)
equipped with filters suitable for the analysis of GFP and ultra-
violet (UV). For the analysis of the GFP fluorescence, the samples
of either agro-infiltrated melon cotyledons or P. xanthii trans-
formed colonies were examined under a GFP filter and excited
at wavelengths of 460-500 nm and a fixed exposure of 2 s. The
UV fluorescence analysis was used to evaluate the persistence
of A. tumefaciens cells on the leaf surface or to observe fungal
growth. For the latter, cotyledon discs were stained with aniline
blue and calcofluor white as described previously (Martinez-Cruz
etal, 2014). For the observation of bacteria, 24 h after cefo-
taxime treatment, cotyledon discs were stained with a 10 pg/

mL solution of DAPI. In both cases, the samples were examined
under a UV filter and excited at wavelengths of 330-380 nm and
a fixed exposure of 2 s. All of the images were captured with a
Nikon digital Slight DS-5Mc camera attached to the microscope,
using Nis-Elements software (Nikon), and were processed using
Adobe Photoshop CS5 (Adobe Systems, San José, CA, USA).

Molecular analysis of transformants

Genomic DNA from potential P. xanthii transformants was iso-
lated following a modified alkaline lysis method (Kieleczawa,
2006). Epiphytic fungal biomass was removed from cotyledons
and loaded into 25 pL of 0.25 N KOH for 10 min at 90 °C. After
this incubation, the solution was neutralized using 25 pL of neu-
tralization solution (0.5 m Tris-HCl, pH 8.0) for 10 min at 90 °C.
Finally, the DNA was separated using 50 pL of a chloroform/isoa-
myl alcohol (24 : 1) gradient in the aqueous phase.

The presence of T-DNA in the genomic DNA preparations was
first analysed by PCR. To analyse the transformants obtained
with the T-DNA of pPK2-hphgfp, fragments of the gfp and hph
marker genes were amplified using the primer pairs gfp6F1/
gfp6R1 and hphF1/hphR1 (Table S3), respectively. For transfor-
mants obtained with the T-DNA of pPK2Tgfp, the primer pairs
Tub-F/gfp6R1 and gfp6F1/gfp6R1 (Table S3) were used to am-
plify the fragment tub2-gfp. The amplification conditions were as
follows: 95 °C for 2 min, followed by 35 cycles of 95 °C for 30's,
55 °C for 1 min and 72 °C for 4 min, with a final extension at
72 °Cfor 10 min. Finally, the PCR products were electrophoresed
in 1% agarose gels and visualized under UV light.

To analyse the flanking regions of the T-DNA insertions,
TAIL-PCR was performed as described previously (Martinez-Cruz
etal., 2017).

Confocal laser scanning microscopy (CLSM)

The subcellular localization of the translational fusions PxEC2-
GFP, eGFP-VirD2 and CFP-PxRab5 was studied by CLSM analysis.
The GFP and CFP proteins were excited with 488- and 405-nm
laser lines, and their fluorescence was detected at 495-530-nm
and 460—485-nm bandpasses, respectively. The nuclei of fun-
gal cells were visualized using a 2 pug/mL solution of Hoechst
dye (blue) (Thermo Scientific, Barcelona, Spain) in phosphate-
buffered saline (PBS). Fungal membranes were selectively stained
using a 0.02 mg/mL solution of FM4-64 dye (red) (Sigma-Aldrich,
Steinheim, Germany) in PBS. The samples were observed using
a Leica SP5 Il confocal microscope (Leica Microsystems, Wetzlar,
Germay). Bright field images were made using the transmission
channel. All images were observed using a 63x oil-immersion
objective and were processed using Leica LAS AF software LCS
Lite (Leica Microsystems).
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Isolation of hyphal and haustorial cells

To facilitate the observation in detail of P. xanthii hyphal and
haustorial cells by CLSM, these fungal structures were isolated
from transformed colonies at 72 h after transformation. Briefly,
hyphae were carefully separated from the infected cotyledon
surface using a spatula and quickly resuspended in chilled PBS.
For the isolation of haustoria, melon cotyledons with trans-
formed colonies were homogenized and processed essentially
as described previously (Martinez-Cruz et al., 2014) with the fol-
lowing modifications. After filtering the homogenate through an
11-pm nylon filter, the suspension was centrifuged at 6500 g for
10 min at 4 °C and the supernatant was discharged. The result-
ing pellet, enriched in haustoria, was then resuspended in 5 mL
of chilled PBS.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Table S1 Transfer DNA (T-DNA) border flanking sequences of
four selected Podosphaera xanthii transformants obtained after
agro-infiltration with the plasmids pPK2-hphgfp (t3-t4) and
pPK2Tgfp (t5-t6).

Table S2 BLAST analysis of thermal asymmetric interlaced-
polymerase chain reaction (TAIL-PCR) products obtained from
the flanking sequences of the T-DNA regions of four Podosphaera
Xxanthii transformants obtained after agro-infiltration with the
plasmids pPK2-hphgfp (t3-t4) and pPK2Tgfp (t5-t6).

Table $3 Oligonucleotides used in this study.

Fig. S1 Schematic representation of the transfer DNA (T-DNA)
in the vectors used in our study.

Fig. S2 Analysis of the persistence of Agrobacterium tu-
mefaciens cells on the surface of melon cotyledons after
agro-infiltration and cefotaxime treatment.

Fig. S3 Agro-infiltration of transfer DNA (T-DNA) constructs
results in the acquisition of phenotypes by Podosphaera xanthii.
Fig. S4 Bright field and epifluorescence micrographs of
agro-infiltrated melon cotyledons.

Fig. S5 Epifluorescence microscopy analysis of cotyledons
transformed with transfer DNA (T-DNA) of pPK2-hphgfp and in-
oculated with Podosphaera xanthii.
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Fig. S6 Molecular analysis of Podosphaera xanthii transfor-
mants obtained after agro-infiltration.

Fig. S7 Thermal asymmetric interlaced-polymerase chain reac-
tion (TAIL-PCR) analysis of flanking sequences of transfer DNA
(T-DNA) regions of four random transformants.

Fig. S8 Alignment of the cysteine-rich fungal extracellular
membrane (CFEM) domain-containing proteins EC2 from various
powdery mildew fungi.

Fig. S9 Epifluorescence microscopy analysis of a Podosphaera
xanthii colony transformed with the transfer DNA (T-DNA) of
pPK2-PxEC2gfp.

Fig. S10 Bright field and epifluorescence micrographs of
Podosphaera xanthii transformed colonies.

Fig. S11 Epifluorescence microscopy analysis of a Podosphaera
xanthii colony growing on a leaf zone agro-infiltrated with
pGWB6-egfpVirD2.

Fig. $12 Subcellular localization of the Agrobacterium protein
VirD2 in a haustorium of Podosphaera xanthii.

Fig. $13 Subcellular localization of Agrobacterium protein
VirD2 and the endocytosis vesicle-associated fungal protein
Rab5 in Podosphaera xanthii transformants.

Fig. S14 Schematic representation of the model of transfer
DNA (T-DNA) integration into the Podosphaera xanthii genome
after agro-infiltration and pathogen inoculation.
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