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Abstract

Background: The establishment of compatibility between plants and pathogens requires compliance with various
conditions, such as recognition of the right host, suppression of defence mechanisms, and maintenance of an
environment allowing pathogen reproduction. To date, most of the plant factors required to sustain compatibility
remain unknown, with the few best characterized being those interfering with defence responses. A suitable
system to study host compatibility factors is the interaction between Arabidopsis thaliana and the powdery mildew
(PM) Golovinomyces cichoracearum. As an obligate biotrophic pathogen, this fungus must establish compatibility in
order to perpetuate. In turn, A. thaliana displays natural variation for susceptibility to this invader, with some
accessions showing full susceptibility (Col-0), and others monogenic dominant resistance (Kas-1). Interestingly, Te-0,
among other accessions, displays recessive partial resistance to this PM.

Results: In this study, we characterized the interaction of G. cichoracearum with Te-0 plants to investigate the basis
of this plant resistance. We found that Te-0’s incompatibility was not associated with hyper-activation of host
inducible defences. Te-0 plants allowed germination of conidia and development of functional haustoria, but could

fungal pre-conidiation stage.

susceptibility, Haustorial staining, Haustorial imaging

not support the formation of mature conidiophores. Using a suppressive subtractive hybridization technique, we
identified plant genes showing differential expression between resistant Te-0 and susceptible Col-0 plants at the

Conclusions: Te-0 resistance is likely caused by loss of host compatibility and not by stimulation of inducible
defences. Conidiophores formation is the main constraint for completion of fungal life cycle in Te-0 plants. The
system here described allowed the identification of genes proposed as markers for susceptibility to this PM.
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Background

Plant disease is a rare event in natural environments, as
constant improvement of defence programs effectively
controls most microbial pathogens. In addition to pre-
formed barriers, plants typically exhibit two lines of in-
ducible defence responses. First, a surveillance system
detects pathogens by sensing microbe-associated mo-
lecular patterns (MAMPs) or host-self modified compo-
nents to activate pattern triggered immunity (PTI) [1].
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This broad-spectrum immune response activates a com-
plex signaling cascade, including the early and transient
accumulation of reactive oxygen species (ROS), the de-
position of the beta-glucan callose at the plant cell wall
and a massive transcriptional reprogramming [2].
Although PTI effectively restricts the majority of “non-
adapted” pathogens, particular “adapted” microbes can
inactivate this pathway establishing compatible interac-
tions with the plant. This latter condition implies an in-
timate communication between host and invader, and
requires the coordinated action of pathogen-derived
effectors over their host molecule targets [3-5]. These
host targets are elements of defence signaling cascades,
metabolic pathways, or structural cell components,
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whose modification by effectors favors pathogen’s nutri-
tion or growth and thus can be considered as "compati-
bility factors" [6].

A second line of defence participates in the control of
adapted pathogens. This response involves the action of
resistance proteins (R) which recognize effectors, or pro-
ducts of their activity, to induce effector triggered
immunity (ETI) providing race-specific resistance. PTI
and ETI share several components but only ETI leads to
the collapse of invaded cells, generating a Hypersensitive
Response (HR) [7]. In addition, broad-spectrum
resistance against several species of the same genera of
pathogens may also display HR features [8]. The compo-
nents of these pathways have been deeply characterized
over the past decades, including the plant hormones
salicylic acid (SA) and jasmonic acid (JA), whose mutual
balance modulates resistance to biotrophic and necro-
trophic pathogens [9]. In contrast, little is known about
the nature or function of host compatibility factors sup-
porting disease development. Forward and reverse gen-
etic approaches have revealed a few monogenic recessive
loci whose loss of function reduced disease, therefore
suggesting they encode compatibility components [10].
Conversely, interactomic approaches such as yeast-two-
hybrid and co-immunoprecipitation assays, mostly iden-
tified defence-related elements as targets of biotrophic
or hemi-biotrophic pathogen effectors [11-13].

The interaction of plants with powdery mildews (PMs)
offers suitable conditions for the study of compatibility
and identification of plant and pathogen factors support-
ing disease development. PMs are adapted obligate
pathogens par excellence, entirely depending on living
tissue to grow and reproduce [10]. Compatibility with
these pathogens requires a delicate balance between the
successful extraction of resources and maintenance of
host viability [14,15]. In particular, three Arabidopsis PM
diseases have been well characterized, involving the fol-
lowing PM species: Golovinomyces cichoracearum
(formerly Erysiphe cichoracearum) [16], Golovinomyces
orontii (formerly Erysiphe orontii) [17], and Erysiphe cru-
ciferarum [18]. These pathosystems were used to clone
genes involved in broad-spectrum disease resistance [8]
and non-host resistance [19-21], as well as genes encod-
ing compatibility factors [22-25]. Additionally, it has
been recently described that another PM species, named
Oidium neolycopersici, is able to complete its life cycle
in Arabidopsis [26]. Interestingly, different A. thaliana
accessions display variable levels of susceptibility to G.
cichoracearum. Among these, Tenela (Te-0) shows no
macroscopic signs of disease, with a moderate resistance
being conferred by a recessively inherited locus named
RPW3 (recognition of powdery mildew 3) raising the
possibility that plant components necessary for pathogen
development or propagation are missing or altered in
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Te-0 plants [16]. We here evaluated whether Te-0 resist-
ance may result from defects in the establishment of com-
patibility. The defence and infection features observed in
this interaction, indicated that Te-0 plants hold the forma-
tion of functional haustoria, but not the maturation of
conidiophores. Thus, this experimental system would
result suitable for characterization of compatibility condi-
tions affecting the final stages of PM differentiation.

Results

PTI/ETI-like responses in Te-0 plants infected with G.
cichoracearum UCSC1

To evaluate the basis of Te-0 resistance to G. cichora-
cearum, we monitored the activation of defence markers
in this interaction. As controls, we used the fully suscep-
tible Columbia (Col-0) plant, and the resistant Kashmir
(Kas-1) plant. In the last accession, RPWS, an atypical R
gene confers broad-spectrum resistance to several PM
species by inducing SA-dependent defences, ROS accu-
mulation and cell death in a reaction similar to the HR
activated by classical R genes [8,16,27]. Three cytological
markers of PTI/HR induction were initially analyzed, by
monitoring accumulation of ROS with 3,3 diaminobenzi-
dine (DAB) [28], deposition of callose at plant cell wall
with aniline blue [29,30], and host cell death with lacto-
phenol trypan blue [31,32].

Accumulation of ROS was detected in infected Kas-1
plants (Figure 1a) where almost 50% of the interaction
sites showed DAB staining at 24 hours post-inoculation
(hpi). This response was stronger at 72 hpi reaching
mesophyll cells close to conidia (Figure la, 72 hpi;
Additional file 1a), resembling the response described
for RPW8-mediated resistance [8]. In contrast, Te-0 and
Col-0 tissues harboring haustoria did not accumulate
ROS at 24 hpi (Figure 1la), with near 10% of the inter-
action sites showing DAB staining at 48 hpi (Additional
file 1a). At 72 hpi, a faint DAB staining was detected in
20% (Col-0) or 26% (Te-0) of interaction sites, mainly in
cells harboring old haustoria (Additional file 1a). More-
over, DAB precipitation was not observed in Te-0 epi-
dermal/mesophyll cells supporting conidia with arrested
germination (Figure 1a). In agreement with these results,
GST (glutathione S-transferase) transcript accumulation,
which usually accompanies redox alterations, was
not detected in Te-0 infected tissues until 240 hpi
(Figure 2a).

Callose deposits densely contouring epidermal cell
walls were observed in Kas-1 infected tissues at 24 and
72 hpi, either at fungal contact sites or below non-
germinated conidia (Figure 1b). Conversely, Te-0 and
Col-0 infected epidermal cells, and adjacent mesophyll
cells were devoid of callose deposits at the cell wall. In
these two accessions fluorescence was detected around
the haustoria (Figure 1b), probably as consequence of



Fabro and Alvarez BMC Plant Biology 2012, 12:143
http://www.biomedcentral.com/1471-2229/12/143

Page 3 of 14

a
Col-0
e
24 hpi ~ '
/ |
L~ .
72 hpi

24 hpi

72 hpi

24 hpi

48 hpi |

enlargements of the shown pictures.

Te-0 Kas-1

Figure 1 PTI and ETI markers in G. cichoracearum-infected Col-0, Te-0, and Kas-1 plants. (a) ROS accumulation revealed by the presence of
brown-reddish precipitates in tissues treated with 3,3 diaminobenzidine (DAB). Fungal structures are stained with trypan blue. Haustoria (arrows)
and attempted fungal penetration sites (arrowheads) are indicated. Bars: 30 um. (b) Callose deposition evaluated by confocal microscopy of
aniline blue stained leaves. Callose accumulates at the cell wall of Kas-1 epidermal cells contacting conidia (C; arrowheads). In Col-0 and Te-0
tissues, fluorescence is detected around the haustoria (HA; arrows), but not at the cell wall of penetrated cells. Fungal autofluorescence is also
depicted. H: hyphae. Bars: 30 um. (c) Plant cell death, evidenced by trypan blue staining, is only found in Kas-1 tissues (arrowhead). Haustorial-like
structures are shown by dashed lines. Fungal structures are stained with trypan blue. Bars: 30 um. Insets on (a) and (c) correspond to 4X

o Tae

fungal auto-fluorescence and/or callose encasements
becoming brighter with haustorial age [15,29,32,33].

As expected, dead cells were also observed in infected
Kas-1 tissues. Near half of the epidermal cells contacting
the pathogen showed trypan blue staining at 24 hpi

(Additional file 1a). Later on, by 48 hpi, the few hau-
storia formed in these tissues were surrounded by plant
stained cytoplasmic content (Figure 1lc, inset). In
addition, some mesophyll cells underlying the sites of
interaction showed death signs in this plant (Additional
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results were verified by gRT-PCR as shown in Additional file 2.

Figure 2 Expression of defence genes on G. cichoracearum-infected tissues. (a) Northern blots showing a time-course expression
experiment for genes sensitive to ROS (GST) or SA accumulation (PRT) on Col-0 (C), Te-0 (T), and Kas-1 (K) plants. RNA was extracted from leaves
at the indicated times post-infection with G. cichoracearum. (b) Semi-quantitative RT-PCR assays were used to evaluate the expression of the
JA-sensitive genes VSP2, LOX2 and PDF1.2 on samples similar to those described on (a). GapC amplification was included as control for cONA
input. (c) Expression pattern of the GH14 and TURP genes sensitive to the SA and JA pathways determined by semi-quantitative RT-PCR. These

file 1b). In contrast, cell death was almost absent in chal-
lenged Te-0 and Col-0 tissues until 72 hpi (Figure 1¢;
Additional file 1a).

In A. thaliana, susceptibility to biotrophic pathogens
is modulated by the balance between the SA- and
JA- dependent defence pathways [34-36]. We analyzed
whether resistance of Te-0 plants to G. cichoracearum
resulted from constitutive expression or hyper-activation
of these pathways. For this purpose, we monitored the
expression of the SA-sensitive gene marker PRI (patho-
genesis-related gene 1), and the JA- inducible genes
LOX2 (lipoxygenase 2), VSP2 (vegetative storage protein
2) and PDF1.2 (beta-glucanase 1.2).

Uninfected tissues of Col-0, Te-0 and Kas-1 plants,
showed no accumulation of PRI transcript. After infec-
tion, PRI activation was first detected in Kas-1 (24 hpi),
then in Col-0 (72 hpi) and later on Te-0 plants (240 hpi)
(Figure 2a). Concerning the JA marker genes, pathogen-
mediated VSP2 activation was weak and similar in all

three plants (Figure 2b; Additional file 2). For LOX2 and
PDF1.2, these were up-regulated in uninfected Kas-1
and/or Te-0, with minor changes in expression after
infection in Te-0 plants. Hence, the expression patterns
of these gene markers suggested that the Te-0 plants
showed neither strong basal stimulation nor fungal-
induced activation of the SA and JA pathways. To search
for signs of alterations in the equilibrium between the
SA and JA pathways in Te-0, we examined the transcrip-
tional activity of two genes sensitive to the interaction
between these pathways in response to G. cichora-
cearum. The genes were the SA-dependent and
JA-repressible glycoside hydrolase (GHI4), and the
JA-dependent and SA-repressible tumor related protein
(TURP) [37]. We found that Col-0 and Te-0 plants
expressed both genes with similar pattern during the
course of infection (Figure 2c; Additional file 2).

In summary, our analysis suggested that resistance of
Te-0 plants to G. cichoracearum is not accompanied by
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Figure 3 The G. cichoracearum life cycle on Col-0, Te-0 and
Kas-1 accessions. (a) Fungal structures differentiated on leaf
infected tissues. NG: non-germinated conidia; PGT: primary germ
tube; SGT: secondary germ tube; R: ramified hyphae colony; FC: foot
cell; iCph: immature conidiophore; mCph: mature conidiophore. Bars:
30 um. Representative haustoria (HA), iCph and mCph found at the
indicated times in similar samples are shown in the insets.

(b) Conidial germination. Percentages of germinated conidia were
obtained from the analysis of 10 inoculated leaves, and expressed as
averaged weighed percentages + coefficient of variance. Conidia
showing PGT and subsequent differentiated structures were
considered germinated. (c) Pattern of fungal differentiation at 48 hpi.
The relative content of PGT, HA, SGT and R is indicated. Values are
normalized to the number of germinated conidia. One
representative experiment from three independent ones is shown.
(d) Fungal asexual reproduction. The total content of conidiophores
(mature plus immature) per colony is shown at 5, 7 and 10 days
post-inoculation. Values resulted from the analysis of 100 colonies
per accession (10-20 leaves from 5-10 different plants) and
represented the average + SD. Similar results were obtained in three
independent experiments.

constitutive activation of PTI or exacerbation of ETI
pathways.

Limiting stages for development of G. cichoracearum
on Te-0 plants
To analyze the progression of fungal disease in Te-0 tis-
sues, we evaluated the abundance and morphology of
pathogen-derived structures during an infection time-
course assay. We performed the same analysis using sus-
ceptible Col-0 and resistant Kas-1 plants, as controls.
For G. cichoracearum, conidial germination is followed
by the formation of primary germ tubes (PGT), penetra-
tion of epidermal cells and generation of haustoria (HA)
(Figure 3a) [16]. Then, secondary germ tubes (SGT) and
ramified hyphae (R) contribute to form the fungal col-
onies, to finally differentiate the conidiophores (Cph),
ending the fungal asexual reproductive cycle. Normally,
a mature Cph (mCph) contains a five-conidia chain
formed on a basal foot cell (FC). Occasionally, in some
Arabidopsis genetic backgrounds displaying resistance to
G. cichoracearum, this fungus only forms immature Cph
(iCph) containing the FC and 1-2 conidia [34,38].
Leaves inoculated with conidia were sampled every 6 h
during the initial 72 hpi, stained with trypan blue and
analyzed by bright-field optical microscopy to quantify
fungal structures (Figure 3; Additional file 3). Compared
to Col-0 plants, conidial germination was severely
reduced in Kas-1 but less affected in Te-O plants
(Figure 3a,b). These differences were maintained until 72
hpi, where 90.5 + 8.4%, 64.2 + 5.3% and 42.6 + 4.7% of
the inoculated conidia germinated in Col-0, Te-0 and
Kas-1 plants, respectively (Figure 3b). After germination,
at 48 hpi, the pattern of fungal structures developed on
Te-0 tissues was very similar to the one found in Col-0,
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but substantially different to that observed on Kas-1 tis-
sues (Figure 3c). At this time, comparable levels of R
colonies were present in Te-0 and Col-0 plants (29 and
36% of germinated conidia, respectively), while this dif-
ferentiation stage was never reached in Kas-1 plants,
where fungal development was stopped at the PGT
(41%) or HA (42%) stages (Figure 3¢, Additional file 3c).

The fungal growth was delayed on Te-0 with respect
to Col-0 plants in 6-12 h (Additional file 3a,b). Interest-
ingly, despite the presence of R colonies in Te-0 plants
(Figure 3c), the formation of Cph was severely reduced
in these tissues (Figure 3d). By scoring the number of
Cph (mCph and iCph) per colony, we found that Col-0
tissues harbored 15 + 6 Cph/colony by 5 days post-
inoculation (dpi) and a maximum of 52 + 10 Cph/colony
at 10 dpi, while Te-0 tissues showed no Cph at 5 dpi,
and just 12 + 4 Cph/colony at 10 dpi. This reduction in
Cph content was maintained until late infection stages
suggesting it was not merely due to delayed fungal
growth on Te-0 plants. Although the fungal colonies
formed in Te-0 were slightly smaller and less ramified
than the ones developed in Col-0 (Figure 3a, 72 hpi), the
number of haustoria present in colonies of comparable
size was similar for both plants (12 + 4 in Col-0, 10 + 3
inTe-0, at 72 hpi). Strikingly, most Cph found in Te-0
showed an incomplete development as they only reached
the stage of iCph (Figure 3a, 72 hpi).

In conclusion, conidia germinating in Te-0 tissues
were able to differentiate HA and form R colonies, but
never completed the formation of mCph, suggesting the
latter process is a limiting step for G. cichoracearum
asexual reproduction in this plant.

Structural features of the fungal haustoria formed in Te-0
plants
Formation of haustoria is key for the establishment of
compatible interactions with plants, since these struc-
tures deliver effectors into host cells and provide nutri-
ents for fungal proliferation [39,40]. As Te-0 plants
supported the generation of small fungal colonies with
negligible amounts of mCph, we decided to evaluate the
formation of haustoria in these tissues. Using electron
microscopy, we compared the ultra-structural features of
haustoria developed in Te-0 and Col-0 plants (Figure 4).
In these plants, the epidermal cells harboring haustoria
showed no evidence of cell wall thickening or plasma
membrane alterations (Figure 4a,d,c,f). Furthermore, no
signs of organelle or cytoplasm disruption were found in
these cells, which maintained intact nuclei located in the
proximity of the haustorium (Figure 4a,f). Multi-lobbed
haustoria (Figure 4b,c,e), and abundant mitochondria
and multi-vesicular bodies congregated around or inside
haustoria (Figure 4b,c,f) were present in both acces-
sions. In addition, the electro-lucent appearance of the
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extrahaustorial matrix was similar in both plants
(Figure 4c,ef), and discontinuities or alterations in fun-
gal cell wall and extra haustorial membrane were not
observed in these tissues.

To complement these studies, we compared the hau-
storia formed in Te-0 with those generated in Kas-1
plants. As no haustoria were present in ultra-microtome
sections of Kas-1 infected tissues, we used confocal
microscopy for this purpose. Here again, the haustoria
developed on Col-0 plants were analyzed as control.
Infected leaves were excised at 24, 48 and 72 hpi, to be
fixed and then stained with sulpho-rodamine B (SRB)
and 1-anilinonaphtalene-8-sulphonic acid (ANS) [41,42].
To our knowledge, this is the first evidence about the
use of these compounds for visualization of fungal hau-
storia inside plant cells (Figure 5), as they have been
traditionally used to stain proteins and lipids, respect-
ively [41,42]. In parallel, DAPI staining was applied to
identify the haustorial nucleus (Additional file 4).

At all examined stages, the haustoria generated in
Te-0 were indistinguishable from those developed in
Col-0, but clearly different from the ones present in
Kas-1 plants, that actively counteract the fungal infec-
tion (Figure 5). Col-0 and Te-0 plants contained normal
haustoria with single rounded nucleus, and vesicular-like
compartments surrounded by a continuous thin struc-
ture likely corresponding to the EHM [15] (Figure 5). In
contrast, 60-80% of haustoria formed on Kas-1 were
abnormal at this time (Additional file 1a), presenting
cytoplasmic disorganization and fainting of DAPI stain-
ing (Additional file 4), which suggested a degenerative
process. In Col-0 and Te-0 these abnormalities were
only observed at 72 hpi for a small subset of haustoria
(18.00 £ 8.33 and 12.00 + 9.33%, respectively, Additional
file 1a). Using 3D reconstruction of images taken at 48
hpi, the maximum haustorial diameter was determined,
revealing similar values for Te-0 and Col-0 samples
(20.98 + 2.49 and 21.52 + 1.87 um, respectively; 7-test
p < 0.05), and a significant reduction for haustorial diam-
eter in Kas-1, respect to Col-0 samples (16.67 + 3.96
um, T-test p = 0.0034).

Transport of L-arginine through haustoria established

in Te-0 plants

The haustorium of obligate biotrophic fungi like pow-
dery mildews and rusts participates in the absorption of
sugars, amino acids, S, P, and other nutrients required
for fungal growth [43-46]. To evaluate the functionality
of the haustoria formed in Te-0, we analyzed their cap-
acity to transport L-arginine C'* (ArgC'*) from plant to
fungal cells. In these experiments, leaf discs were excised
at different times post-infection and floated for 5 h in
ArgC'* solution. Then, the fungal material present on
the disks surface was stripped using an adhesive tape
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Figure 4 Electron micrographs of A. thaliana epidermal cells harboring G. cichoracearum haustoria. Ultra-structures of haustoria generated
on susceptible Col-0 (ab,c) and resistant Te-0 (d,ef) plants. Images are representative of the most common observed phenotypes (n =20
haustoria/plant). Pictures illustrate young (a,d) and mature (b,c,ef) haustoria. pPM: plant plasma membrane; pCW: plant cell wall; pC: plant
cytoplasm; pN: plant nucleus; pMVB: plant multi-vesicular bodies; pMt: plant mitochondria; fMt: fungal mitochondria; Ch: chloroplast; fCW: fungal
cell wall; EHM: extra haustorial membrane; EHMx: extra haustorial matrix; fMVB: fungal multi-vesicular bodies; L: haustorial lobe. Bars: 1 um.

and the amount of C'* in the tape was quantified. Sib-
ling infected discs were sampled in parallel to determine
the haustoria content per disc by trypan blue staining. In
addition, discs from uninfected leaves were exposed to
the same treatment to quantify and subtract the residual
radioactivity transferred to the tape as result of the strip-
ping process. Similar assays have been previously used
for identical purpose [44,45].

We found that Kas-1 samples contained constant neg-
ligible levels of ArgC'* over the entire analyzed period
(24-96 hpi; Additional file 5a). In contrast, Te-0-derived
strips revealed an increase in the ArgC'* content during
infection, with these values representing almost half of
those corresponding to Col-0 samples until 72 hpi
(Additional file 5a). Over this period, the differences
observed may probably result from delayed fungal

proliferation on Te-0 plants (Figure 3b,c, Additional file
3b). Considering this possibility, we normalized the
levels of ArgC'* by the number of haustoria, and found
no differences in the uptake of ArgC'* during the initial
72 hpi between mycelia installed in Te-0 and Col-0
plants (Additional file 5b). Interestingly, at 96 hpi, a net
increase in radioactivity was detected in Col-0, but not
in Te-0 samples. It was unknown whether this variation
was also due to differences in fungal biomass. However,
as maturation of Cph occurred at this time in the sensi-
tive plant, the result might suggest that higher levels of
nutrients are required under such condition. In agree-
ment with this, such an increase was never reached,
even at later time points, in Te-0 plants unable to hold
mCph (these samples contained near 400 cpm of ArgC'*
per stripped leaf disc at 120 hpi).
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Figure 5 Confocal microscopy imaging of G. cichoracearum haustoria. Haustoria installed in plant epidermal cells are visualized by staining
with sulpho-rodamine B (SRB) and 1-anilinonaphthalene-8-sulfonic acid (ANS). Z-stack compilations are shown for samples isolated at different
times post infection (hpi). Arrows indicate the haustorial nuclei (HN) identified by DAPI staining (Additional file 4). EHM: extra haustorial

Te-0 Kas-1

J

In conclusion, the results suggested that haustoria
installed in Te-0 function in a very similar manner to
those formed in Col-0 plants, at least with respect to the
Arg uptake. Therefore, the conidiation deficiency
observed in Te-0 would not result from severe failures
in the absorption of nutrients.

A. thaliana genes differentially expressed in Te-0 plants
during the interaction with G. cichoracearum

To further characterize the interaction between Te-0
plants and G. cichoracearum, we identified genes having
a differential expression in Col-0 and Te-0 tissues at late
infection stages. For this purpose, cDNA libraries were
generated from tissue samples isolated at 72 hpi, and
used in suppressive subtractive hybridization assays
(SSH) to confront Col-0 72 hpi cDNA samples (tester)
against Te-0 72 hpi cDNAs samples (driver). The result-
ing non-subtracted cDNAs were cloned and sequenced,
revealing 8 genes under-expressed in Te-0 compared to
Col-0 samples. These differentially expressed genes en-
code for the following proteins: PR1, methallothionein
la (MT1a), heat shock cognate protein 70.1 (HSP70.1),
endoplasmin (END, HSP90.7), GRF7/GF14v 14-3-3 pro-
tein (GRF7), sucrose transporter 4 (STP4), chlorophyll
a/b binding protein LHCB1.2, and an oxidoreductase. In
principle, these genes could be considered markers of

either ineffective defence activation or compatibility
between A. thaliana and G. cichoracearum. We disre-
garded the study of defence-related genes encoding PRI,
oxidoreductase, and chlorophyll a/b binding protein,
whose role and/or behavior has been previously charac-
terized for infections with this pathogen [36,37].

We selected the remaining five genes and monitored
their expression in untreated and fungal-inoculated Col-
0, Te-0 and Kas-1 leaves (Figure 6; Additional file 6). All
genes became up-regulated in the Col-0 tissues sustain-
ing fungal growth, with maximum expression at 48-72
hpi, and activation until 120 hpi. Consistent with the
SSH assay, none of these genes were induced in Te-0
infected tissues, even at 120 hpi when the fungal bio-
mass resembled that found in Col-0 tissues at 48 hpi
(Additional file 5c). Interestingly, in Kas-1 plants the
genes remained unaltered (MTla, HSP70.1, END) or
were down-regulated (STP4, GRF?7) by infection, indicat-
ing their activation was not associated with R-gene
mediated resistance but rather with compatibility with
G. cichoracearum.

Discussion

PMs establish long term relationships with their host
forcing the maintenance of compatibility conditions [10].
The large and diverse collections of effectors encoded in
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Time post- Col-0
infection (h) 0 48 72 120 0

Te-0 Kas-1
48 72 120 0 48 72 120

MTTB’:_T-_--..-..-‘. - -— |

HSP70.1

ENDL——--_-"_

e B Ry e —— |

T — —

sTP4 |

-

verified by gRT-PCR as shown in Additional file 6.

GapC | — ——— ———— — — —

Figure 6 Genes with differential expression in susceptible Col-0 and Te-0 resistant plants during the interaction with G. cichoracearum.
Gene expression is evaluated by semi-quantitative RT-PCR in uninfected and fungal infected leaves. MT1a: metallothionein 1a
HSP70.1: heat shock cognate protein 70.1 (At5g02500); END: endoplasmin (At4g24190); GRF7: 14-3-3 GF14v protein (At3g02520); and STP4: sucrose
transport protein 4 (At3g19930). GapC: glyceraldehyde 3-phosphate dehydrogenase C subunit (At3g04120) used as control. These results were

(At1907600);

the PM genomes [47] might indicate redundant func-
tions of these compounds on their target molecules in
the plant. This may explain why gene-for-gene resistance
has negligible effect on the control of PM diseases in the
field, and why plant resistance is overcome without
apparent loss of fitness by the pathogen [48]. The identi-
fication of such effectors and their targets will be key to
understand PM diseases, and design new alternatives to
generate long-lasting passive resistance. To move in this
direction, new experimental systems allowing the evalu-
ation of compatibility as well as resistance by loss of sus-
ceptibility are required. In relation to the later condition,
we have characterized the interaction between A. thali-
ana Te-0 plants and G. cichoracearum, where the host
offers compatibility conditions during the initial, but not
later stages of infection. In this plant, conidial germin-
ation is partially reduced and fungal growth is slightly
delayed. Both features have been described in resis-
tant interactions involving PTI or ETI/HR activation
[8,20,30,34]. However, Te-0 infected tissues showed no
signs of active defences (ROS accumulation, callose de-
position, or cell death), in a response clearly distinguish-
able from that of infected Kas-1 tissues. Therefore, Te-0
resistance seems to be different from RPWS8-mediated
immunity, which confers broad-spectrum protection to
powdery mildews in many different accessions of A.
thaliana by activation of HR-like responses [8,27,49-51].
The SA-dependent pathway mediating resistance to bio-
trophic pathogens was neither induced under basal con-
ditions, nor over-stimulated in Te-0 fungal-infected
tissues. In addition, the JA signaling cascade did not
seem to increase resistance against G. cichoracearum in
Te-0 plants. The LOX2 and PDFI.2 gene markers had
mild basal expression without activation after infection,
whereas VSP2 showed no basal expression and weak

induction by pathogen, suggesting that resistance to the
fungus was not due to major enhancement of
JA-dependent defences. Curiously, the effect of the JA
pathway on the interaction of A. thaliana with PMs is
still unclear. The JA levels transiently increase in
A. thaliana tissues infected with G. cichoracearum [37].
Resistance to PMs is enhanced in wild type plants trea-
ted with JA, as well as in cevl mutants that constitu-
tively activate the JA pathway [52]. However, the coil-I
and jarl-1 mutants, impaired in the JA-pathway, are not
hyper-susceptible to PMs [53]. Therefore, in natural in-
fection conditions, activation of the JA/ET pathway may
not be sufficient to confer resistance to PMs [36].

Te-0 plants did not show signs of premature senes-
cence, alterations in size, or developmental-induced cal-
lose accumulation (www.arabidopsis.org/ABRC and
Additional file 7). Neither did these plants stimulate
strong defence features upon fungal infection. These
observations argue against the possibility that resistance
of Te-0 plants might originate from mutations in genes
encoding PMR2, PMR4, EDR1, EDR2 and PUX2, previ-
ously described as PM-susceptibility factors, causing
hyper-activation of defence responses [22,25,34,38,54].

In A. thaliana, PMR5 and the pectate lyase PMR6
have been recognized as factors that potentiate suscepti-
bility to PMs. PMR5 is involved in cell expansion
whereas PMR6 functions in cell wall modeling [23,24],
with both proteins being required for normal compos-
ition of plant cell wall pectin, and establishment of com-
patibility with PMs. Resistance of pmr5/pmr6 mutants
does not involve the SA or JA/ET pathways, resembling
resistance of Te-O plants. However, these mutants are
stunted, show reduction in cell size, constitutive sporadic
mesophyll cell death, and deposition of auto-fluorescent
compounds along the veins. As none of these features
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were observed in healthy or G. cichoracearum-infected
Te-0 tissues, it is likely that resistance does not result
from deficient PMR5/6 function in these plants.

To date, the two best characterized limiting stages for
development of PMs are penetration of epidermal cells
[20,55] and development of haustoria [56,57]. Interest-
ingly, G. cichoracearum was not prevented from reach-
ing any of these stages in Te-0 plants. More than 50% of
inoculated conidia germinated in Te-0 tissues further
developing penetration hyphae and functional haustoria.
In contrast, fungal asexual reproduction was the main
limiting stage for proliferation of the pathogen in this
plant. Limitations in this developmental stage have been
previously described for PM diseases in A. thaliana
[34,38]. In ascomycetes, coniditiation is regulated by
several factors including inoculum density, light,
temperature, humidity, and nutrient availability [58,59].
While significant progress has been made in elucidating
this developmental program in model fungi (Neurospora
spp, Aspergillus spp), its genetic basis and sensitivity to
host clues remain elusive for obligate fungal biotrophs.
In this sense, our results suggest that conidiation of G.
cichoracearum in A. thaliana requires particular host
conditions or signals which are present in Col-0, but not
in Te-0 plants. Alternatively, Te-0 might offer limitations
for optimal fungal development affecting for instance
nutrient uptake, which negatively impact on Cph matur-
ation, even though we found that the haustoria placed in
these plants display normal assimilation of ArgC'*,

Interestingly, Te-0 supports abundant mycelial devel-
opment and moderate conidiation of the G. cichora-
cearum relative Erysiphe cruciferarum [18] and is
susceptible to field isolates of the oomycete Albugo spp.
(E Kemen, JD Jones, unpublished results). Thus, the fol-
lowing evidences support the possibility that Te-0 is
altered in components necessary for compatibility with
G. cichoracearum: i) genetic nature of plant resistance
(recessive), ii) susceptibility of the plant to other bio-
trophic pathogens, including a close relative species; iii)
absence of active defences (markers of PTI, ETI, SA and
JA pathways) in this interaction.

To characterize gene expression changes occurring
under compatibility conditions, we looked for transcrip-
tional differences in Te-0- and Col-0 infected tissues at
the pre-conidiation stage. By SSH, we identified 8 differ-
entially expressed genes, including classical defence-
related genes (PRI, oxidoreductase), and genes affecting
photosynthesis (chlorophyll a/b binding protein), which
have been characterized elsewhere [36,37]. The
remaining 5 candidates (MT1a, HSP70.1, END, GRF7
and STP4) showed increased expression in response to
pathogen in susceptible Col-0 plants, but not in resistant
Kas-1 plants, indicating they are sensitive to compatibil-
ity conditions, but not to ETT activation.
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Previous studies reported activation of some of these
genes in response to fungal infections. This has been
observed for STP4 during the interaction of A. thaliana
with G. cichoracearum [60], and for MT1la and its rice
homologue in response to other haustoria-forming fungi
[61,62]. In turn, HSP70.1 is induced by the obligate
biotrophic oomycete Hyaloperonospora arabidopsidis
(ex. parasitica) [63], whereas the END- [64], and
GRF7-homologues in barley are up-regulated by PMs
[65].

Depletion of genes encoding host compatibility factors
is predicted to reduce pathogen growth. However, the
functional redundancy of these genes might hinder the
effect of null mutations on single genes. Conversely, an
increased expression of one of these genes may generate
tractable effects on the invader’s growth. Consistent
with this prediction, A. thaliana plants over-expressing
HSP70.1 are hyper-susceptible to H. arabidopsidis [62],
and rice plants activating GRFs show negative effects on
defence-gene induction and cell death [66]. Furthermore,
activation of MT1a leads to increased susceptibility to
bacterial pathogens and reduced ROS accumulation in
Casuarina glauca [67]. Curiously, plants over-expressing
END are more sensitive to salt and drought stresses,
although their responsiveness to pathogens has not been
evaluated [68]. Therefore, taking these results together,
the genes selected by our studies appear to be involved
in responses to stress, with some of them acting in cell
viability pathways.

Conclusions

This study provides a detailed characterization of the
interaction between the obligate biotrophic pathogen G.
cichoracearum and the natural variant of the A. thaliana
species, Te-0. We found that the limiting stage for fun-
gal development in planta is the formation of condio-
phores. This limitation did not correlate with activation
of cellular or molecular markers of PTI and ETI/HR.
Considering the genetic bases reported for resistance of
Te-0 plants (recessive and monogenic) [16], we propose
this phenotype may result from the inability of the plant
to maintain compatibility conditions at later stages of
infection. As Te-0 did not show developmental or
reproductive defects described in mutants lacking com-
patibility factors (pmr2/4/5/6), its resistance would
derive from alterations in novel compatibility factors. A
preliminary search for such factors allowed identification
of candidate compatibility gene markers that must be
characterized in the future. Furthermore, this work
raises novel questions related to the control of G. cichor-
acearum asexual reproduction in planta, the existence
of putative host molecular clues supporting this stage,
and the contribution of the genes here identified to the
establishment of compatibility with PMs.
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Methods

Plant and fungal material

A. thaliana seeds were obtained from ABRC (www.
arabidopsis.org/ABRC). Surface sterilized, stratified seeds
were germinated on GM plates for 10 days, and trans-
ferred to soil. Plants were grown at 80% humidity,
21-23°C, 8/16 h light/dark cycles, 100 pyE m™ sec
irradiance and used at the age of 5-7 weeks. G. cicho-
racearum UCSC1 was obtained from Dr. Shauna
Somerville [16] and propagated in Col-0 and squash
(Curcubita maxima var. Kuta; Park Seed, Greenwood,
SC, USA). Pathogen inoculation on leaf tissues was per-
formed as previously described [37].

Histochemical assays

To evaluate plant cell death, pathogen-infected leaves
were treated with lactophenol trypan blue staining mix
[31]. Samples mounted on glycerol 10% were observed
with an Axioplan 135 microscope (Zeiss, Germany) to ob-
tain images with an Axiovision camera system. Accumula-
tion of ROS was detected by DAB (3,3 diaminobenzidine)
staining [28]. Briefly, petioles were sectioned under water
to avoid air bubbles in the vascular system. Leaves were
dipped in 200 pl of DAB (1 mg/ml water, pH =3.8) for
8 h, bleached in 96% ethanol for 24 hr, re-hydrated,
mounted in glycerol 50% and observed as described for
cell death. Fungal infective structures were detected and
quantified by co-staining with trypan blue [31,37]. For cal-
lose detection, leaves were de-stained in ethanol 96%,
re-hydrated in water and dipped in aniline blue solution
(0.01%p/v in phosphate buffer 150 mM, pH = 9.5) for 1 hr.
Leaves were mounted in 50% glycerol, and observed by
confocal laser microscopy (Carl Zeiss Laser Scanning sys-
tem LSM5 Pascal mounted in an inverted microscope
Axiovert 200, Zeiss, Germany) using a 488 nm Argon laser
and a c-apochromat 40X objective.

Confocal microscopy

A solution of sulpho-rodamine B (SRB) plus 1-anilino-
naphthalene-8-sulfonic acid (ANS) was used to stain fungal
haustoria in infected plant tissues. Briefly, excised infected
leaves were fixed for 1 h in 2,5% glutaraldehyde, 2,5% par-
aformaldehyde, and incubated for 20 min in solution con-
taining 2 mg SRB (Molecular Probes, Eugene, OR, USA)
and 1 mg ANS (Molecular Probes, Eugene, OR, USA) dis-
solved in 45 mL of methanol plus 45 mL MilliQ water and
10 mL of acetic acid. Leaves were rinsed for 10 min in PBS
and mounted in 50% glycerol. Fluorescent structures were
observed by confocal microscopy using the 543 nm laser
and the c-apochromat 100X oil DIC objective.

Electron microscopy
Infected leaves were sampled and fixed for 1 h in 2%
paraformaldehyde, 2,5% gluteraldehyde. Fixed samples
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were included in Spurr resin [69], stained with osmium
tetroxide, sectioned and further processed by the labora-
tory of electronic microscopy of the IFFIVE (INTA,
Cordoba, Argentina).

Fungal amino-acid uptake

Based on previous protocols [44,45], plants inoculated
with conidia (ca. 500 mm?* ™), were used to excise leaf
discs (2 discs and 20 leaves per gentoype) at different time
points. Two sets of discs (20 discs each) were floated
either in water or solution of C'* L-Arginine 100 uM (Arg
C') for 5 h on a humid chamber, avoiding contact of
mycelia with the solution. Leaf discs were deposited on tis-
sue paper and the mycelium was stripped from the adaxial
surface using an adhesive tape (Magic Tape, 3 M). Arg C**
content was determined on the tapes with scintillation
counter. Using an identical procedure, discs taken from
uninfected plants were used to subtract the radioactivity
transferred to the tapes by mechanical damage of tissues.
The number of haustoria on samples was determined by
using trypan blue staining of the water-floated discs. A
similar set of samples was used to estimate fungal bio-
mass. Briefly, 15 Col-0 and Te-0 leaves (3 leaves/plant, 5
plants) were excised and stained with trypan blue at 48, 72
and 120 hpi to determine the leaf area (length x width)
covered by fungal colonies using bright field microscopy
images (Additional file 5c).

Gene expression

Total RNA was isolated from healthy and G. cichora-
cearum-infected A. thaliana leaves [70] and used for
Northern blot [37]. Ten micrograms of RNA per sample
were blotted and hybridized with radioactive probes gen-
erated by random priming using dATP P** (NEB) of the
cDNAs obtained from the ABRC (PRI: U11550, GST:
U13302). Total RNA extracted from uninfected (T0) or
fungal infected (T72) Col-0 and Te-0 leaves were used
for Suppresive Subtractive Hybridization (SSH) assays
(Clontech’s PCR Select cDNA Subtraction Kit), following
the manufacturer’s instructions. Subtracted cDNAs were
cloned and sequenced.

One milligram of A. thaliana total RNA was treated
with DNAse I (Invitrogene) for 1 h at 37°C to then
be heated at 75°C. Random hexamer primers and
MMLYV reverse transcriptase (Invitrogen) were added to
synthesize ¢cDNA in 20 pl. One pl was used to perform
either semi-quantitative (sq) or real time/quantitative (q)
PCR (final volume: 25 or 14 pl, respectively).

sqRT-PCR was performed at least two times on bio-
logical replicate samples with similar results. Cycle num-
ber was tested for each gene to identify the linear phase
of the PCR related to the initial amount of cDNA input.
Primer sets and cycle number for each gene are stated in
Additional file 8.
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qPCR assays including the cDNA samples evaluated in
Figure 2 and 6, were performed by triplicate using the
Biodynamics mix B124-100 containing hot start Taq
polymerase and SYBR green fluorophore, and the
following protocol in a Rotor GeneQ thermocycler
(Qiagen): 95°C for 10 min, then 40 cycles of 95°C for
15 s, 60°C for 15 s, 72°C for 30s, followed by a melting
curve (60-95°C). Gene expression was calculated using
the AACt method using UQBS as housekeeping control.
Correction by the primer’s efficiency was performed.
Efficiency was determined by developing control reac-
tions with 1/10 dilutions of cDNA from Col-0 TO.

Additional files

Additional file 1: a) Time-course quantification of cellular defence
responses to G. cichoracearum in Te-0, Col-0 and Kas-1 plants. 1- DAB
stained cells in contact with G. cichoracearum structures. (¥) No significant
differences between these values in T-test at p < 0.05. 2- Trypan blue stained
plant cells observed by bright field microscopy. 3- Haustoria stained with
SRB-ANS were observed by confocal microscopy at the stated times post-
inoculation. Abnormal haustoria are shown in Figure 5 (Kas-1, 48 hpi). In all
these experiments 150 fungal interaction sites (1,2) or 150 haustoria (3) were
evaluated for each genotype at the indicated times. Three independent
experiments were performed. Values represent weighted average
percentage + coeficent of variance of the independent experiments. b)
Mesophyll cell death evaluated on Kas-1 leaves infected with G.
cichoracearum at 48 hpi by trypan blue staining. Left: focus on epidermal
cells interacting with the pathogen. Right: underlying mesophyll dead cells.

Additional file 2: Expression of defence genes on G. cichoracearum-
infected tissues assessed by qRT-PCR. Values were obtained applying
the AACt method using UBQ5 as housekeeping gene control. Bars
represent average + SD from three replicates.

Additional file 3: Time course development of G. cichoracearum
infective structures on Col-0, Te-0 and Kas-1 accessions. The
abundance of different fungal structures is evaluated at the indicated time
points. PGT: primary germ tube, HA: haustorium, SGT: secondary germ tube, R:
ramified hyphae colony. Tissues were inoculated with the same conidial
suspension. Values are referred as percentages of inoculated conidia.

Additional file 4: DAPI staining of the G. cichoracearum haustoria
developed in Col-0, Te-0 and Kas-1 plants. Haustoria were co-stained
with SRB, ANS and DAPI. Z-stacks are shown for representative haustoria
at 72 hpi. HN: haustorial nucleus. Bars: 10 um.

Additional file 5: Uptake of ArgC'* by G. cichoracearum haustoria
installed in Te-0 cells. a) Uptake of ArgC'* by the fungal tissues
differentiated on Col-0, Te-0 and Kas-1 leaves. The indicated values were
obtained after subtracting residual radioactivity levels present on tapes
stripped from uninfected leaves (see experimental procedures). b) ArgC]4
levels detected in fungal tissue expressed as a ratio over the number of
haustoria present on sibling leaf discs. ¢) Time-course estimation of the fungal
biomass found on the surface of Col-0 and Te-0 leaves infected with G.
cichoracearum. Fifteen leaves per plant were analyzed per time-point. Average
percentage + SD of leaf areas covered by fungal colonies is depicted.

Additional file 6: Genes with differential expression in susceptible Col-
0 and Te-0 resistant plants during the interaction with G. cichoracearum
evaluated by g-RT-PCR. Fold changes in transcript expression levels were
determined as described in Additional file 2. Bars represent average + SD from
three replicates, except for STP4, where g-PCR assay included two replicates.

Additional file 7: Uninfected Te-0 plants do not accumulate callose.
Untreated leaves from Te-0 plants (5-week-old, soil grown) were collected
and stained with aniline blue to reveal callose by confocal microscopy using
UV light. This assay was performed in parallel, under identical conditions to
that shown in Figure 1b, where deposition of callose was detected in Kas-1
infected samples. Col-0 was included for comparison.
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Additional file 8: Primers and conditions used for semi-quantitative
and real time/quantitative RT-PCR assays. (V) Number of cycles used
for sq-RT-PCR. (*) Different melting temperatures (Tm) were used in sq
and g-RT-PCR. All g-RT-PCR were done with Tm =60°C, except for
PDF1-2. (M) UBQ5 and GapC were used as housekeeping control genes in
g-RT-PCR and sq-RT-PCR, respectively.

Authors’ contributions

MEA designed and supervised the study, GF performed the experiments. GF
and MEA analyzed the results and wrote the manuscript. All authors have
read and approved the manuscript.

Author’s information
GF and MEA are members of the Researcher Career of CONICET.

Acknowledgements

We are grateful to Shauna Someville for providing G. cichoracearum UCSCT,
Claudia Nome (INTA, IFFIVE) for processing samples for electron microscopy
and Carlos Mas (CIQUIBIC-CONICET) for valuable help with confocal
microscopy. This work was supported by the Agencia Nacional de
Promocién Cientifica y Tecnoldgica (grant BID PICT 1542) and Secretaria de
Ciencia y Tecnologia - Universidad Nacional de Cérdoba, to MEA.

Received: 13 April 2012 Accepted: 3 August 2012
Published: 11 August 2012

References

1. Boller T, He SY: Innate immunity in plants: an arms race between pattern
recognition receptors in plants and effectors in microbial pathogens.
Science 2009, 324:742-744.

2. Zipfel C: Early molecular events in PAMP-triggered immunity. Curr Opin
Plant Biol 2009, 12:414-420.

3. Koeck M, Hardham AR, Dodds PN: The role of effectors of biotrophic and
hemibiotrophic fungi in infection. Cell Microbiol 2011, 13:1849-1857.

4. Stergiopoulos |, de Wit PJ: Fungal effector proteins. Annu Rev Phytopathol
2009, 47:233-263.

5. Pritchard L, Birch P: A systems biology perspective on plant-microbe
interactions: biochemical and structural targets of pathogen effectors.
Plant Sci 2011, 180:584-603.

6. Panstruga R: Establishing compatibility between plants and obligate
biotrophic pathogens. Curr Opin Plant Biol 2003, 6:320-326.

7. Thomma BP, Nurnberger T, Joosten MH: Of PAMPs and effectors: the
blurred PTI-ETI dichotomy. Plant Cell 2011, 23:4-15.

8. Xiao S, Ellwood S, Calis O, Patrick E, Li T, Coleman M, Turner JG: Broad-
spectrum mildew resistance in Arabidopsis thaliana mediated by RPW8.
Science 2001, 291:118-120.

9. Robert-Seilaniantz A, Grant M, Jones JD: Hormone crosstalk in plant
disease and defense: more than just jasmonate-salicylate antagonism.
Annu Rev Phytopathol 2011, 49:317-343.

10.  O'Connell RJ, Panstruga R: Tete a tete inside a plant cell: establishing
compatibility between plants and biotrophic fungi and oomycetes. New
Phytol 2006, 171:699-718.

11. Alfano JR: Roadmap for future research on plant pathogen effectors. Mol
Plant Pathol 2009, 10:805-813.

12. Mukhtar MS, Carvunis AR, Dreze M, Epple P, Steinbrenner J, Moore J, Tasan
M, Galli M, Hao T, Nishimura MT, Pevzner SJ, Donovan SE, Ghamsari L,
Santhanam B, Romero V, Poulin MM, Gebreab F, Gutierrez BJ, Tam S,
Monachello D, Boxem M, Harbort CJ, McDonald N, Gai L, Chen H, He Y,
Vandenhaute J, Roth FP, Hill DE, Ecker JR, Vidal M, Beynon J, Braun P, Dangl
JL: Independently evolved virulence effectors converge onto hubs in a
plant immune system network. Science 2011, 333:596-601.

13. Bozkurt TO, Schornack S, Win J, Shindo T, Ilyas M, Oliva R, Cano LM, Jones
AM, Huitema E, Van der Hoorn RA, Kamoun S: Phytophthora infestans
effector AVRbIb2 prevents secretion of a plant immune protease at the
haustorial interface. Proc Natl Acad Sci USA 2011, 108:20832-20837.

14.  Kelley BS, Lee SJ, Damasceno CM, Chakravarthy S, Kim BD, Martin GB, Rose
JK: A secreted effector protein (SNET) from Phytophthora infestans is a
broadly acting suppressor of programmed cell death. Plant J 2010,
62:357-366.


http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S1.doc
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S2.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S3.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S4.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S5.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S6.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S7.jpeg
http://www.biomedcentral.com/content/supplementary/1471-2229-12-143-S8.doc

Fabro and Alvarez BMC Plant Biology 2012, 12:143
http://www.biomedcentral.com/1471-2229/12/143

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

Micali CO, Neumann U, Grunewald D, Panstruga R, O'Connell R: Biogenesis
of a specialized plant-fungal interface during host cell internalization of
Golovinomyces orontii haustoria. Cell Microbiol 2011, 13:210-226.

Adam L, Somerville SC: Genetic characterization of five powdery
mildew disease resistance loci in Arabidopsis thaliana. Plant J 1996,
9:341-356.

Reuber TL, Plotnikova JM, Dewdney J, Rogers EE, Wood W, Ausubel FM:
Correlation of defense gene induction defects with powdery mildew
susceptibility in Arabidopsis enhanced disease susceptibility mutants.
Plant J 1998, 16:473-485.

Adam L, Ellwood S, Wilson |, Saenz G, Xiao S, Oliver RP, Turner JG,
Somerville S: Comparison of Erysiphe cichoracearum and E. cruciferarum
and a survey of 360 Arabidopsis thaliana accessions for resistance to
these two powdery mildew pathogens. Mol Plant Microbe Interact 1999,
12:1031-1043.

Collins NC, Thordal-Christensen H, Lipka V, Bau S, Kombrink E, Qiu JL,
Huckelhoven R, Stein M, Freialdenhoven A, Somerville SC, Schulze-Lefert P:
SNARE-protein-mediated disease resistance at the plant cell wall. Nature
2003, 425:973-977.

Lipka V, Dittgen J, Bednarek P, Bhat R, Wiermer M, Stein M, Landtag J,
Brandt W, Rosahl S, Scheel D, Llorente F, Molina A, Parker J, Somerville S,
Schulze-Lefert P: Pre- and postinvasion defenses both contribute to
nonhost resistance in Arabidopsis. Science 2005, 310:1180-1183.

Stein M, Dittgen J, Sanchez-Rodriguez C, Hou BH, Molina A, Schulze-Lefert P,
Lipka V, Somerville S: Arabidopsis PEN3/PDR8, an ATP binding cassette
transporter, contributes to nonhost resistance to inappropriate
pathogens that enter by direct penetration. Plant Cell 2006, 18:731-746.
Nishimura MT, Stein M, Hou BH, Vogel JP, Edwards H, Somerville SC: Loss of
a callose synthase results in salicylic acid-dependent disease resistance.
Science 2003, 301:969-972.

Vogel JP, Raab TK, Schiff C, Somerville SC: PMR6, a pectate lyase-like gene
required for powdery mildew susceptibility in Arabidopsis. Plant Cell
2002, 14:2095-2106.

Vogel JP, Raab TK, Somerville CR, Somerville SC: Mutations in PMR5 result
in powdery mildew resistance and altered cell wall composition. Plant J
2004, 40:968-978.

Consonni C, Humphry ME, Hartmann HA, Livaja M, Durner J, Westphal L,
Vogel J, Lipka V, Kemmerling B, Schulze-Lefert P, Somerville SC, Panstruga R:
Conserved requirement for a plant host cell protein in powdery mildew
pathogenesis. Nat Genet 2006, 38:716-720.

Micali C, Gollner K, Humphry M, Consonni C, Panstruga R: The Powdery
Mildew Disease of Arabidopsis: A Paradigm for the Interaction between
Plants and Biotrophic Fungi. Arabidopsis Book. 2008, 6:e0115.

Wilson IW, Schiff CL, Hughes DE, Somerville SC: Quantitative trait loci
analysis of powdery mildew disease resistance in the Arabidopsis
thaliana accession kashmir-1. Genetics 2001, 158:1301-1309.

Vanacker H, Carver TL, Foyer CH: Early H(2)O(2) accumulation in mesophyll
cells leads to induction of glutathione during the hyper-sensitive
response in the barley-powdery mildew interaction. Plant Physiol 2000,
123:1289-1300.

Donofrio NM, Delaney TP: Abnormal callose response phenotype and
hypersusceptibility to Peronospoara parasitica in defence-compromised
arabidopsis nim1-1 and salicylate hydroxylase-expressing plants. Mo/
Plant Microbe Interact 2001, 14:439-450.

Frye CA, Innes RW: An Arabidopsis mutant with enhanced resistance to
powdery mildew. Plant Cell 1998, 10:947-956.

Parker JE, Holub EB, Frost LN, Falk A, Gunn ND, Daniels MJ: Characterization
of eds1, a mutation in Arabidopsis suppressing resistance to
Peronospora parasitica specified by several different RPP genes. Plant
Cell 1996, 8:2033-2046.

Wang W, Wen Y, Berkey R, Xiao S: Specific targeting of the Arabidopsis
resistance protein RPW8.2 to the interfacial membrane encasing the
fungal Haustorium renders broad-spectrum resistance to powdery
mildew. Plant Cell 2009, 21:2898-2913.

Meyer D, Pajonk S, Micali C, O'Connell R, Schulze-Lefert P: Extracellular
transport and integration of plant secretory proteins into pathogen-
induced cell wall compartments. Plant J 2009, 57:986-999.

Vorwerk S, Schiff C, Santamaria M, Koh S, Nishimura M, Vogel J, Somerville
C, Somerville S: EDR2 negatively regulates salicylic acid-based defenses
and cell death during powdery mildew infections of Arabidopsis
thaliana. BMC Plant Biol 2007, 7:35.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 13 of 14

Ellis C, Turner JG: The Arabidopsis mutant cev1 has constitutively active
jasmonate and ethylene signal pathways and enhanced resistance to
pathogens. Plant Cell 2001, 13:1025-1033.

Zimmerli L, Stein M, Lipka V, Schulze-Lefert P, Somerville S: Host and non-
host pathogens elicit different jasmonate/ethylene responses in
Arabidopsis. Plant J 2004, 40:633-646.

Fabro G, Di Rienzo JA, Voigt CA, Savchenko T, Dehesh K, Somerville S,
Alvarez ME: Genome-wide expression profiling Arabidopsis at the stage
of Golovinomyces cichoracearum haustorium formation. Plant Physiol
2008, 146:1421-1439.

Frye CA, Tang D, Innes RW: Negative regulation of defense responses in
plants by a conserved MAPKK kinase. Proc Natl Acad Sci USA 2001,
98:373-378.

Mendgen K, Struck C, Voegele RT, Hahn M: Biotrophy and rust haustoria.
Physiological and Molecular Plant Pathology 2000, 141:141-145.

Mendgen K, Hahn M: Plant infection and the establishment of fungal
biotrophy. Trends Plant Sci 2002, 7:352-356.

Ganesh G, Kumar TK, Pandian ST, Yu C: Rapid staining of proteins on
polyacrylamide gels and nitrocellulose membranes using a mixture of
fluorescent dyes. J Biochem Biophys Methods 2000, 46:31-38.

Brand L, Gohlke JR: Fluorescence probes for structure. Annu Rev Biochem
1972, 41:843-868.

Harrison MJ: Biotrophic interfaces and nutrient transport in plant/fungal
symbioses. J Exp Bot 1999, 50:1013-1022.

Manners JM, Gay JL: Transport, translocation and metabolism of 14C
photosynthates at the host-parasite interfase of Pisum sativum and
Erysiphe pisi. New Phytol 1982, 91:221-244.

Mount MS, Ellingboe AH: 32P and 35S transfer from susceptible wheat to
Erysiphe graminis f.sd.tritici during primary infection. Phytopathology
1969, 59:235-239.

Aked J, Hall JL: The uptake of glucose, fructose and sucrose into pea
powdery mildew (Erysiphe pisi DC) from the apoplast of pea leaves. New
Phytol 1993, 123:277-282.

Spanu PD, Abbott JC, Amselem J, Burgis TA, Soanes DM, Stuber K, van TE
VL, Brown JK, Butcher SA, Gurr SJ, Lebrun MH, Ridout CJ, Schulze-Lefert P,
Talbot NJ, Ahmadinejad N, Ametz C, Barton GR, Benjdia M, Bidzinski P,
Bindschedler LV, Both M, Brewer MT, Cadle-Davidson L, Cadle-Davidson MM,
Collemare J, Cramer R, Frenkel O, Godfrey D, Harriman J, Hoede C, King BC,
Klages S, Kleemann J, Knoll D, Koti PS, Kreplak J, Lopez-Ruiz FJ, Lu X,
Maekawa T, Mahanil S, Micali C, Milgroom MG, Montana G, Noir S, O'Connell
RJ, Oberhaensli S, Parlange F, Pedersen C, Quesneville H, Reinhardt R, Rott
M, Sacristan S, Schmidt SM, Schon M, Skamnioti P, Sommer H, Stephens A,
Takahara H, Thordal-Christensen H, Vigouroux M, Wessling R, Wicker T,
Panstruga R: Genome expansion and gene loss in powdery mildew fungi
reveal tradeoffs in extreme parasitism. Science 2010, 330:1543-1546.
Brown JK, Tellier A: Plant-parasite coevolution: bridging the gap between
genetics and ecology. Annu Rev Phytopathol 2011, 49:345-367.

Gollner K, Schweizer P, Bai Y, Panstruga R: Natural genetic resources of
Arabidopsis thaliana reveal a high prevalence and unexpected
phenotypic plasticity of RPW8-mediated powdery mildew resistance.
New Phytol 2008, 177:725-742.

Orgil U, Araki H, Tangchaiburana S, Berkey R, Xiao S: Intraspecific genetic
variations, fitness cost and benefit of RPWS8, a disease resistance locus in
Arabidopsis thaliana. Genetics 2007, 176:2317-2333.

Jorgensen TH, Emerson BC: Functional variation in a disease
resistance gene in populations of Arabidopsis thaliana. Mol Ecol
2008, 17:4912-4923.

Ellis C, Karafyllidis |, Wasternack C, Turner JG: The Arabidopsis mutant cev1
links cell wall signaling to jasmonate and ethylene responses. Plant Cell
2002, 14:1557-1566.

Kloek AP, Verbsky ML, Sharma SB, Schoelz JE, Vogel J, Klessig DF, Kunkel BN:
Resistance to Pseudomonas syringae conferred by an Arabidopsis
thaliana coronatine-insensitive (coi1) mutation occurs through two
distinct mechanisms. Plant J 2001, 26:509-522.

Chandran D, Tai YC, Hather G, Dewdney J, Denoux C, Burgess DG, Ausubel
FM, Speed TP, Wildermuth MC: Temporal global expression data reveal
known and novel salicylate-impacted processes and regulators
mediating powdery mildew growth and reproduction on Arabidopsis.
Plant Physiol 2009, 149:1435-1451.

Huckelhoven R: Powdery mildew susceptibility and biotrophic infection
strategies. FEMS Microbiol Lett 2005, 245:9-17.



Fabro and Alvarez BMC Plant Biology 2012, 12:143 Page 14 of 14
http://www.biomedcentral.com/1471-2229/12/143

56. Hahn M, Mendgen K: Signal and nutrient exchange at biotrophic plant-
fungus interfaces. Curr Opin Plant Biol 2001, 4:322-327.

57.  Heath MC: Signalling between pathogenic rust fungi and resistant or
susceptible host plants. Ann Bot 1997, 80:713-720.

58.  Carroll JE, Wilcox WF: Effects of humidity on the development of
grapevine powdery mildew. Phytopathology 2003, 93:1137-1144.

59. Wakefield L, Gadoury DM, Seem RC, Milgroom MG, Sun Q, Cadle-Davidson
L: Differential gene expression during conidiation in the grape powdery
mildew pathogen, Erysiphe necator. Phytopathology 2011, 101:839-846.

60. Fotopoulos V, Gilbert MJ, Pittman JK, Marvier AC, Buchanan AJ, Sauer N, Hall
JL, Williams LE: The monosaccharide transporter gene, AtSTP4, and the
cell-wall invertase, Atbetafruct1, are induced in Arabidopsis during
infection with the fungal biotroph Erysiphe cichoracearum. Plant Physiol
2003, 132:821-829.

61. Matsumura H, Reich S, Ito A, Saitoh H, Kamoun S, Winter P, Kahl G, Reuter
M, Kruger DH, Terauchi R: Gene expression analysis of plant host-
pathogen interactions by SuperSAGE. Proc Natl Acad Sci USA 2003,
100:15718-15723.

62. Butt A, Mousley C, Morris K, Beynon J, Can C, Holub E, Greenberg JT,
Buchanan-Wollaston V: Differential expression of a senescence-enhanced
metallothionein gene in Arabidopsis in response to isolates of
Peronospora parasitica and Pseudomonas syringae. Plant J 1998,
16:209-221.

63. Noel LD, Cagna G, Stuttmann J, Wirthmuller L, Betsuyaku S, Witte CP, Bhat R,
Pochon N, Colby T, Parker JE: Interaction between SGT1 and cytosolic/
nuclear HSC70 chaperones regulates Arabidopsis immune responses.
Plant Cell 2007, 19:4061-4076.

64. Jelitto-Van Dooren EP, Vidal S, Denecke J: Anticipating endoplasmic
reticulum stress. A novel early response before pathogenesis-related
gene induction. Plant Cell 1999, 11:1935-1944.

65.  Finnie C, Borch J, Collinge DB: 14-3-3 proteins: eukaryotic regulatory
proteins with many functions. Plant Mol Biol 1999, 40:545-554.

66. Manosalva PM, Bruce M, Leach JE: Rice 14-3-3 protein (GF14e) negatively
affects cell death and disease resistance. Plant J 2011, 68:777-787.

67. Obertello M, Wall L, Laplaze L, Nicole M, Auguy F, Gherbi H, Bogusz D,
Franche C: Functional analysis of the metallothionein gene cgMT1
isolated from the actinorhizal tree Casuarina glauca. Mol Plant Microbe
Interact 2007, 20:1231-1240.

68.  Song H, Zhao R, Fan P, Wang X, Chen X, Li Y: Overexpression of
AtHsp90.2, AtHsp90.5 and AtHsp90.7 in Arabidopsis thaliana enhances
plant sensitivity to salt and drought stresses. Planta 2009, 229:955-964.

69. Kitajima E: Microscopia electronica de virus de plantas. In Escuela Superior
de Agricultura "Luiz de Queiroz". Edited by Centro de Microscopia Electrénica
de apoyo a la investigacion agropecuaria. Brasil: Universidad de Sao Paulo;
1997.

70.  Verwoerd TC, Dekker BM, Hoekema A: A small-scale procedure for the
rapid isolation of plant RNAs. Nucleic Acids Res 1989, 17:2362.

doi:10.1186/1471-2229-12-143

Cite this article as: Fabro and Alvarez: Loss of compatibility might
explain resistance of the Arabidopsis thaliana accession Te-0 to
Golovinomyces cichoracearum. BMC Plant Biology 2012 12:143.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

www.biomedcentral.com/submit

Submit your manuscript at ( BioMled Central




Additional file 1.

a) Time-course quantification of cellular defence responses to G. cichoracearum in

Te-0, Col-0 and Kas-1 plants.

Accession Time post- Host cells Host cell Abnormal
infection (h) accumulating death? haustoria®
ROS!
Col-0 24 5.63+1.82 3.36 £1.22 0
48 8.75+2.35 6.67 +1.75 3.36 + 6.00
72 19.65+3.12* 6.25+2.33 18.00 £ 8.33
Te-0 24 5.20 +2.80 2.93+1.25 0
48 10.50 + 2.20 3.33+£2.72 4.33 £5.00
72 26.40+4.70* 3.22+2.86 12.00 £ 9.33
Kas-1 24 54.20 +5.10 49.0+4.0 34.00 + 8.33
48 62.33 +8.30 69.1+7.2 60.00 + 13.33
72 70.70 £ 9.30 78.3+9.2 83.33 £23.33

1- DAB stained cells in contact with G. cichoracearum structures. (*) No significant differences
between these values in T-test at p< 0.05.

2- Trypan blue stained plant cells observed by bright field microscopy.

3- Haustoria stained with SRB-ANS were observed by confocal microscopy at the stated times post-
inoculation. Abnormal haustoria are shown in Figure 5 (Kas-1, 48 hpi).

In all these experiments 150 fungal interaction sites (1,2) or 150 haustoria (3) were evaluated for
each genotype at the indicated times. Three independent experiments were performed. Values
represent weighted average percentage * coeficent of variance of the independent experiments.

b) Mesophyll cell death on Kas-1 leaves infected with G. cichoracearum.

s & é/\ | D \‘\\y
N/ ¢ r‘\,,l ¥
.'4_"!. ( i - i
~\\_ " 0

Kas-1 leaves were excised at 48 hpi and stained with trypan blue to detect plant cell death. Left:
focus on epidermal cells interacting with the pathogen. Right: underlying mesophyll dead cells.
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Additional file 8. Primers

and conditions used for semi-quantitative and real time/quantitative RT-PCR assays.

Gene AGI N° Primers Cycles Tm Fragment size Primer
(W) (°C) (bp) Efficiency (%)

PDF1.2 At5g44420 forward 5"-TAAGTTTGCTTCCATCATCACCC-3’ 28 58 209 94
reverse 5'-GTGCTGGGAAGACATAGTTGCAT -3°

GH14 At4g17090 forward 5°-TGCTTGGTGGGGATTGGTGGAG -3’ 26 60 371 100
reverse 5'-CGCAATAACTCCTCCTATGTAGC -3

TURP At3g16640 forward 5"-GGGAAGTAGAAGGAAAGTGGGT -3 26 60 332 100
reverse 5-ATGCATACCCTCCCCAACAAAGAA -3°

LOX2 At3g45140 forward 5"-TACTTGCCTTCCCAAACACC-3’ 25 60 328 96
reverse 5'- AGTGCCCTTGGCTGTAGAGA-3’

VSP2 At5g24770 forward 5"-GAAGCCTAATGGTTCGAACTTG-3’ 26 58/60* | 57 95
reverse 5-CACGAGACTCTTCCTCACCTTT -3’

MT1la Atlg07600 forward 5"-TAACTGTGGATGTGGCTCCTC -3’ 27 60 111 110
reverse 5'- AGCTGCAGTTTGATCCACAGC -3’

HSP70.1 | At5g02500 forward 5"-CTCTGCTGAGGACAAGACCAC -3’ 27 60 211 100
reverse 5- TTCTCGTCTTGGATGGTGTTC -3’

END At4g24190 forward 5"-ACGATGTCAAAATCAGCAACC -3’ 27 60 279 100
reverse 5'- CCACTCTCGATCAAAGCTGTC -3°

GRF7 At3g02520 forward 5"-AGGAAGAAAGCAGAGGAAACG -3 27 60 249 100
reverse 5'- AAGCAACCAGAGTGCTCTCAG -3

STP4 At3g19930 forward 5°-TTGGAGTCAAATTTGGAGTGG -3’ 27 60 445 94
reverse 5'- GGACTTCTGTTGCATCTCAGC -3

UBQS5 (M) | At3g62250 forward 5"-GTGGTGCTAAGAAGAGGAAGA -3’ -- 60 251 102
reverse 5'- TCAAGCTTCAACTCCTTCTTT-3’

GapC (M) | At3g04120 forward 5"-CACTTGAAGGGTGGTGCCAAG-3’ 25 60 550

reverse 5-CCTGTTGTCGCCAACGAAGTC-3’

(W) Number of cycles used for sq-RT-PCR.
(*) Different melting temperatures (Tm) were used in sq and g-RT-PCR. All g-RT-PCR were done with Tm = 60 °C, except for PDF1-2.
(") UBQ5 and GapC were used as housekeeping control genes in g-RT-PCR and sq-RT-PCR, respectively.
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