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Metabolic priming by a secreted fungal effector
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Maize smut caused by the fungus Ustilago maydis is a widespread
disease characterized by the development of large plant tumours.
U. maydis is a biotrophic pathogen that requires living plant tissue
for its development and establishes an intimate interaction zone
between fungal hyphae and the plant plasma membrane. U. maydis
actively suppresses plant defence responses by secreted protein
effectors™”. Its effector repertoire comprises at least 386 genes
mostly encoding proteins of unknown function** and expressed
exclusively during the biotrophic stage®. The U. maydis secretome
also contains about 150 proteins with probable roles in fungal nutri-
tion, fungal cell wall modification and host penetration as well as
proteins unlikely to act in the fungal-host interface* like a choris-
mate mutase. Chorismate mutases are key enzymes of the shikimate
pathway and catalyse the conversion of chorismate to prephenate,
the precursor for tyrosine and phenylalanine synthesis. Root-knot
nematodes inject a secreted chorismate mutase into plant cells likely
to affect development™°. Here we show that the chorismate mutase
Cmul secreted by U. maydis is a virulence factor. The enzyme is
taken up by plant cells, can spread to neighbouring cells and changes
the metabolic status of these cells through metabolic priming.
Secreted chorismate mutases are found in many plant-associated
microbes and might serve as general tools for host manipulation.

The U. maydis genome (http://mips.helmholtz-muenchen.de/genre/
proj/ustilago) contains genes for both a cytosolic chorismate mutase,
designated aro7 (um04220), and a putatively secreted chorismate
mutase, cmul (um05731). Cmul belongs to the AroQ class of
eukaryotic chorismate mutases (Interpro: IPR008238) that have an
all-o-helical secondary structure (Supplementary Fig. 1)”%. To verify
that Cmul is a dedicated chorismate mutase, we demonstrated that it
complemented a Saccharomyces cerevisiae aro7 mutant (Fig. 1a) and
that heterologously expressed protein had chorismate mutase activity
which was not feedback inhibited by aromatic amino acids (Sup-
plementary Fig. 2). Allosteric regulation is a characteristic feature
of plastidic chorismate mutases as well as of cytoplasmic fungal
chorismate mutases™'®, whereas cytosolic plant chorismate mutases
lack this feature''. Attempts to generate a crmul mutant that displayed
allosteric regulation based on features of S. cerevisiae Aro7p were
unsuccessful (Supplementary Fig. 3). Western blot analysis detected
Cmul-haemagglutinin (HA) in U. maydis culture supernatants when
the respective fusion gene was expressed under a constitutive promoter
in hyphal cells (Supplementary Fig. 4). The secretion of Cmul during
plant colonization was independently demonstrated by proteome
analysis of apoplastic fluids isolated after infection of maize with a
mixture of compatible U. maydis strains. Compared with known
secreted effector proteins like Mig2 (ref. 12), higher numbers of
Cmul peptides were identified at all time points analysed (Sup-
plementary Information, Table 1).

Like many other U. maydis effectors with a virulence function"*"?,
cmul is specifically upregulated during biotrophic development
(Supplementary Fig. 5) and is one of the most highly expressed fungal
genes during plant colonization'. To determine a possible contri-
bution to virulence cmul was deleted in the solopathogenic strains
SG200 (ref. 3) and CL13. CL13 is the progenitor strain of SG200 that
shows attenuated virulence' (see Supplementary Fig. 6a for disease
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Figure 1 | Cmul has chorismate mutase activity, affects virulence and
salicylic acid levels. a, U. maydis cmul complements the aro7 deletion in S.
cerevisiae. Growth of the S. cerevisiae aro7 deletion mutant Y05479 on medium
lacking tyrosine and phenylalanine (SD-phe-tyr) is restored by introduction of
U. maydis cmul; whereas cmulg;gza k1934 does not complement. Expression of
cmul genes was driven by the GALI promoter. S. cerevisiae YO0000 (native
ARO7 gene) was used as positive control. YEPD, rich medium; gal, galactose.
b, Deletion of crmul negatively affects virulence of U. maydis strain CL13.
Disease symptoms (as depicted in Supplementary Fig. 6a) on maize plants were
scored’ 12 days after infection with the indicated strains. Mean values of seven
independent infections are shown with the total number of infected plants
indicated above each column. Compared with CL13 and CL13Acmul-cmul-
HA, CL13Acmul showed significantly reduced tumour formation (t-test,

P =0.037). ¢, Total amounts of salicylic acid were determined in plant leaves
infected with the indicated U. maydis strains listed below 8 days after infection.
For the infections with CL13Acmul, three independent strains were used.
Mean values of three independent experiments are shown. Error bars, s.d.
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symptoms of CL13) and hence facilitates the detection of modest
differences in virulence'®. Whereas SG200Acmul strains showed little
virulence attenuation (Supplementary Fig. 6b), the CLI13Acmul
mutant displayed a reduction of about 50% in tumours, which could
be complemented by introducing a single copy of crmul-HA (Fig. 1b).
This illustrates that Cmul is required for full virulence and demon-
strates functionality of the HA-tagged protein.

To localize Cmul during biotrophic growth, plants were infected
with SG200Acmul-cmul-HA, which carries a cmul-HA fusion gene
inserted in single copy under control of its native promoter. Plants
infected with SG200 or with SG200 P,,,; GFP-HA expressing cyto-
plasmic green fluorescent protein (GFP) under the cmul promoter
served as negative controls. Freeze-substituted and resin-embedded
sections of maize tissue harvested 3 days after infection with these
strains were incubated with anti-HA antibodies and gold markers.
Cmul-HA could be detected inside the fungal hyphae, in the bio-
trophic interface as well as inside the plant cytoplasm but rarely in
the plant cell wall (Fig. 2A and Supplementary Fig. 7). The distribution
of gold particles was quantified (Fig. 2B). Gold labelling of plant tissue
infected with the parental strain SG200 was negligible (Supplemen-
tary Fig. 8), whereas non-secreted GFP-HA was absent from the bio-
trophic interphase, showed strong accumulation in the fungal cytosol
and weak background labelling in the plant cytosol (Supplemen-
tary Fig. 9 and Fig. 2B). Integrity of Cmul-HA was demonstrated
by western blot analysis after immunoprecipitation from infected
plant tissue (Supplementary Fig. 10). To demonstrate Cmul local-
ization independently, plants were infected with SG200Acmul-
cmul-mCherry-HA. Cmul-mCherry-HA was detected in the
biotrophic interface, and plasmolysis experiments showed that it freely
diffused in the enlarged apoplast (Supplementary Fig. 11). However,
fluorescence could not be detected inside plant cells. In addition,
Cmul-mCherry-HA was unable to complement the virulence pheno-
type of CL13Acmul (Supplementary Fig. 12a) despite the fact that
the fusion protein was enzymatically active as demonstrated by
complementation of the aro7 yeast mutant (Supplementary Fig. 13).
Cmuly, 590-HA lacking the secretion signal was unable to
complement the virulence phenotype of CL13Acmul (Supplemen-
tary Fig. 12b), demonstrating that secretion is prerequisite for func-
tion. In sum, these data suggest that Cmul needs to enter plants cells to
exert its function and that Cmul-mCherry-HA is unable to do so.

To elucidate the subcellular localization of Cmul in plant cells, a
Cmul,, ,9o-mCherry fusion protein lacking the signal peptide and
active in complementing the yeast aro7 mutant was transiently
expressed in maize leaves (Supplementary Fig. 13). Cmuly, 99—
mCherry localized to the cytoplasm and the nucleus of transformed
maize cells (Fig. 2C). Surprisingly, in some cases the Cmuly, 99—
mCherry signal was also visible in cells adjacent to the originally
transformed cell (Fig. 2C, a). To rule out that the latter is caused by
independent transformation events, Cmuly, ,9o-yellow fluorescent
protein (YFP) and PIP,,4_so;-mCherry encoding a fusion protein that
localizes exclusively to the nucleus, were co-expressed (Supplemen-
tary Fig. 14). Cell-to-cell spreading of Cmul,, ,9o—YFP was observed
in some cases whereas PIP,y5 s9;-mCherry always remained in the
nucleus of the originally transformed cell (Supplementary Fig. 14).
Occasionally guard cells were transformed, and in such cases spread-
ing of Cmul,, ,9o—-YFP was never observed (Fig. 2C, ¢ and Sup-
plementary Fig. 14). Because guard cells lack plasmodesmata'’,
the observed spreading of Cmul,, 590 is likely to occur through
plasmodesmata.

By yeast two-hybrid analysis we demonstrated that Cmul can
dimerize (Supplementary Fig. 15a), a property characteristic for
AroQ chorismate mutases®. In addition, Cmul could interact with
the two maize chorismate mutases ZmCm1 (B6TU00) and ZmCm2
(B4FUP5) (Supplementary Fig. 15a). Despite low overall sequence
conservation, known residues essential for chorismate mutase activity
were conserved in all these enzymes (Supplementary Fig. 15b).
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Figure 2 | Cmul is translocated to plant cells and spreads to neighbouring
tissue. A, A maize section infected with U. maydis SG200Acmul-cmul-HA
was collected 3 days after infection, probed with mouse anti-HA antibodies and
detected with anti-mouse antibodies conjugated to 12-nm gold particles
(Methods). Electron micrographs visualize Cmul-HA inside fungal hyphae, in
the biotrophic interface and in the cytoplasm of infected maize cells. Leaves
infected with SG200 and SG200 P.,,,; GFP-HA served as negative controls
(Supplementary Figs 8 and 9). fc, fungal cytosol; fcw, fungal cell wall; bi,
biotrophic interphase; pc, plant cytosol; pcw, plant cell wall; ppm, plant plasma
membrane. Scale bars, 1 pm. B, Electron micrographs of immunogold-labelled
sections were analysed for the spatial distribution of gold labels in
SG200Acmul-cmul-HA (blue) and SG200 P,,,; GFP-HA (red) infected
tissue 3 days after infection. The total number of gold labels in each electron
micrograph was set to 100% (see Methods for details). Error bars, s.d. of gold
particles counted in three independent cross-sections. C, Confocal Z-stacks
visualize spreading of Cmul,, ,9o-mCherry to neighbouring tissue after
biolistic transformation of maize leaves. White arrows indicate the originally
transformed maize cells that carry a gold particle in their nucleus (a-

¢). Spreading of the fluorescent signal was observed in some cases for Cmul-
mCherry (a) and not in others (b, ¢). Yellow arrows mark Cmul,, 90—
mCherry signals in nuclei of neighbouring cells (a). Cmul,, ,9o-mCherry
spreading was never detected in transformed guard cells (c). Scale bars, 40 pm.
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ZmCml encodes a predicted plastidic isoform (Supplementary Fig. 16a)
whereas ZmCm?2 codes for a putative cytoplasmic enzyme (Sup-
plementary Fig. 15b). Localization to the respective compartments was
demonstrated by transient expression in maize leaves (Supplementary
Fig. 16b, c). The observed compartmentalization mimics what has been
described for the chorismate mutases of Arabidopsis thaliana'®.
Furthermore, as shown for the cytoplasmic isoform of chorismate
mutase in A. thaliana'®, ZmCm?2 displayed enzymatic activity but no
allosteric regulation in vitro (Supplementary Fig. 15c).

To demonstrate that the interaction between Cmul and the cytosolic
maize chorismate mutase ZmCm2 can have functional consequences,
we attempted to show that Cmul could alter ZmCM?2 activity
in vitro. As this was unsuccessful (Supplementary Fig. 15d), we next
generated a loss of function allele of cmul based on catalytically
inactive forms of S. cerevisiae Aro7p (Supplementary Fig. 1a)***'.
We reasoned that heterodimer formation between active and inactive
monomers might interfere with chorismate mutase function. As
expected, the cmulg;gsaxiosa allele was unable to complement
the aro7 deletion in S. cerevisiae (Fig. la). Surprisingly, when
cmulpigsa k1944 Was introduced in single copy in either CL13Acmul
or SG200Acmul, virulence was completely abolished (Supplementary
Fig. 17). When cmulg;s3a k1944 Was introduced in SG200 harbouring
a functional cmul allele, the mutated allele had a dominant effect that
was copy number dependent (Supplementary Fig. 17). Confocal
microscopy of infected leaf tissue revealed that the SG200Acmul-
cmulyigsa xio4a Strain could form appressoria (Supplementary Fig. 18a)
but failed to colonize the plant (Supplementary Fig. 18b). In con-
trast to SG200 infections, plant cells infected with SG200Acmul-
cmulpgsa kiosa Were heavily stained by propidium iodide and
displayed strong autofluorescence, probably because of the formation
of phenolic compounds (Supplementary Fig. 18). This indicates that
SG200Acmul-cmulgg3a k1944 elicits a strong plant defence response.

To exclude the possibility that the non-functional secreted chorismate
mutase might interfere with the endogenous fungal shikimate pathway,
we generated SG200Acmul derivatives that express cmulrigsa k1944
under control of a strong constitutive promoter (SG200Acmul-
Poercmulpigsa k194a—HA). Western blot analysis confirmed that the
mutant protein was produced and secreted (Supplementary Fig. 19a).
These strains did not show a growth phenotype on minimal media
lacking aromatic amino acids, were morphologically indistinguishable
from SG200 during growth in minimal media, and were unaltered in
filamentous growth on charcoal media, a prerequisite for successful
infection (Supplementary Fig. 19b-e). This illustrates that the secreted
Cmulpg;gsa k19aa—HA protein does not interfere with the activity of the
cytoplasmic Aro7 protein in U. maydis. Cmulg;gsa xi9aa-mCherry-
HA accumulated around biotrophic hyphae like other secreted effec-
tors"” (Supplementary Fig. 20b) but was unable to cause a domi-
nant negative virulence phenotype when expressed in SG200Acmul
(Supplementary Fig. 20a). This suggests that plant uptake of
Cmulg;g3a x194a-MCherry-HA is necessary for the dominant effect
on virulence, presumably because activity of ZmCM?2 is affected. To
obtain evidence that Cmulgigsaxioaa—HA can reduce ZmCm?2
activity, we first showed that ZmCm?2 was able to interact with
Cmulg;gsaxiosa and could complement the aro7 mutation in
S. cerevisiae (Supplementary Fig. 21). Next, zmcm2 was co-expressed
with cmul or cmulgigsaxioss in the yeast aro7 mutant strain.
Although the co-expression of zmcm2 and cmul had no detectable
effect on growth, co-expression of zmcm2 and cmulpigsakiosn
attenuated growth on plates lacking phenylalanine and tyrosine (Sup-
plementary Fig. 21b). Therefore, the dominant negative effect on viru-
lence elicited by the crmulg; s34 k1944—HA allele is probably caused by
interfering with the activity of cytosolic ZmCm2 through dimerization.
This also implies that orphan cytosolic plant chorismate mutases
might have an important regulatory function.

To obtain a comprehensive view on the metabolic changes in plants
infected with CL13, CL13Acmul and CL13Acmul-cmul-HA,
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metabolome analyses were conducted 8 days after infection (Sup-
plementary Figs 22 and 23 and Supplementary Table 2). Compared
with mock-infected maize, plants infected with CL13 showed
enhanced levels for phenylpropanoid and lignan biosynthesis products
as well as for benzoxazinones, which derive from tryptophan (Sup-
plementary Fig. 22 and Supplementary Table 3). For plants infected
with CL13 and CL13Acmul, the most notable differences concerned
the phenylpropanoid pathway (Supplementary Fig. 22). Substances
such as coumaroyl- and caffeoylquinate and syringine as well as lignan
(like the syringaresinol-glucosides) were less abundant in tissue
infected with CL13Acmul than in plants infected with either CL13
or the complemented strain CL13Acmul-cmul-HA (Supplementary
Fig. 22b and Supplementary Tables 2 and 3). In contrast, the amount of
salicylic acid was at least ten times higher in plants infected with
CL13Acmul than those infected with the parental strain CL13 or
CL13Acmul-cmul-HA, respectively (Fig. 1c). The amounts of the
tryptophan-derived benzoxazinones were not significantly different
in CL13Acmul and CL13 infections (Supplementary Fig. 22), indi-
cating that the pathway from chorismate to tryptophan through
anthranilate synthase is unaffected by Cmul activity. The underlying
mechanism for this differential effect awaits further study. Our results
support a situation in which Cmul channels chorismate into the phe-
nylpropanoid pathway and prevents its flow into the salicylic acid
biosynthesis branch.

To elucidate the biological significance of the elevated salicylic acid
levels in CL13Acmul infections, maize seedlings were treated locally
with 4 mM salicylic acid before infection or co-infiltrated during the
infection with CL13. This concentration was chosen on the basis of
total salicylic acid levels determined in CL13Acmul-infected plants.
Both treatments led to a reduction in virulence comparable to
CL13Acmul infections (Supplementary Fig. 24), which illustrates that
salicylic acid enhances resistance of maize towards U. maydis. The data
imply that the observed decrease in virulence for CL13Acmul could be
a direct consequence of its inability to interfere with pathogen-induced
salicylic acid biosynthesis of the host plant.

Our findings provide new insights into a process that aids U. maydis
during colonization of maize plants. It relies on the secretion of a
chorismate mutase which enters plant cells by an unknown mech-
anism and redirects the metabolome in favour of the parasite.

We propose that the translocated fungal enzyme acts in conjunction
with ZmCm2 in the plant cytosol by increasing the flow of chorismate
from the plastid to the cytosol and in turn lowering the available
substrate for salicylic acid biosynthesis in plastids (Fig. 3). However,
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Figure 3 | Model of Cmul-mediated metabolic priming in infected maize
tissue. An infecting fungal hyphae is depicted in yellow. Maize cells are shown in
mint green, the plastid is depicted in darker green. The dotted line indicates that
prephenate or prephenate derivatives might be re-imported into the plastid or
have regulatory capacity to feedback on plastidic synthesis of phenylalanine and
tyrosine or derived phenolic compounds. SA, salicylic acid. For details, see text.
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the introduction of a deregulated chorismate mutase into the host
plant cytosol alone cannot explain all the metabolic changes observed
in the U. maydis infected tissue (Supplementary Table 2 and Sup-
plementary Fig. 18)>*. Thus, in line with its modest effects on viru-
lence, we consider Cmul to be one component of a cocktail of effectors
shaping the host metabolome. In this context it might not be coincid-
ence that U. maydis has genes for two potential salicylate hydroxylases.
In addition, organ-specific functions as described for several other
U. maydis effectors cannot be excluded.

The suppression of salicylic acid levels is likely to be particularly
important for biotrophic pathogens and symbionts®. In line with this
we found genes encoding secreted chorismate mutases in many genomes
of eukaryotic biotrophic plant pathogens and symbionts and several
hemibiotrophic plant pathogens but only rarely in necrotrophic plant
pathogens and fungal saprophytes (Supplementary Table 4). Recent
findings indicate that the secreted chorismate mutase in the fungus
Sclerotinia sclerotiorum might also represent a virulence factor (M.
Dickman, personal communication). Metabolic priming by secreted
chorismate mutases might thus emerge as a common strategy for host
manipulation.

METHODS SUMMARY

The Methods section provides detailed information about all experimental proce-
dures, including the following: (1) tables with details on oligonucleotides, plasmids,
U. maydis and S. cerevisiae strains used or generated in this study; (2) details on the
cloning strategies; (3) description of U. maydis mutant generation and their sub-
sequent analysis; (4) links to bioinformatic tools applied in this study; (5) details for
conducting quantitative real-time PCR analyses; (6) description of the yeast com-
plementation assays; (7) description of yeast protein interaction assays; (8) details
for conducting chorismate mutase activity assays; (9) the method to demonstrate
protein secretion in U. maydis; (10) details on the transient expression in Zea mays;
(11) confocal and electron microscopy methods; (12) details for metabolome and
hormone analyses; and (13) protocol for the isolation and mass spectrometric
analysis of secreted proteins of apoplastic fluids.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Generation of plasmids. Standard molecular cloning strategies and techniques
were applied in this study**. Most of the constructs were generated using Gateway
technology (Invitrogen) after an insertion of the gene of interest into the pEntry4
vector (Invitrogen) using Ncol and NotI restriction sites. Primers used in this
study are described in Supplementary Table 5. Plasmids that were generated in
this study are listed in Supplementary Table 6.

Mutant generation and analysis. All U. maydis strains (Supplementary Table 7)
were generated by gene replacement with PCR-generated constructs or by inser-
tion of p123 derivatives into the ip locus as described* (Supplementary Table 7).
At least three independent mutants were repeatedly tested for virulence on 7-day-
old maize seedlings and disease was scored 12 days after infection following
described protocols®. The widely used solopathogenic haploid strains SG200
and CL13 differ in virulence owing to the presence of autocrine pheromone
signalling in SG200 and its absence in CL13, respectively'®. Compared with the
naturally occurring dikaryon, both strains show reduced virulence. Typical symp-
toms caused by CL13 are depicted in Supplementary Fig. 3a.

Bioinformatic analyses. Signal peptide prediction was performed with the pro-
gram SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/). Chloroplast transit
peptides were predicted with the program ChloroP (http://www.cbs.dtu.dk/
services/ChloroP/). Sequence alignments were generated using CloneManager
Suite 9.0 (www.scied.com). Hierarchical neural network was applied for prediction
of the Cmul secondary structure at the Network Protein Sequence Analysis server
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_nn.html). Domain
analyses were performed with Smart and InterPro (http://smart.embl-heidelberg.
de/; http://www.ebi.ac.uk/Tools/InterProScan/).

Quantitative real-time PCR. RNA was extracted from sporidia grown in axenic
culture as well as from infected maize plants at the indicated time points with the
TRIzol method (Invitrogen), treated with DNase (Ambion) and subsequently used
for cDNA synthesis. Quantitative real-time PCR reactions were conducted as
described earlier’. All reactions were performed at least in biological triplicates.
Relative crnul expression levels were calculated in relation to the values obtained
for the constitutively expressed peptidyl-prolyl cis—trans isomerase gene (ppi) of
U. maydis*® (Supplementary Table 5).

Yeast complementation assay. Yeast strain Y054679 lacking the ARO7 gene was
transformed with the corresponding pYES and pGad derivatives (Supplementary
Table 6) using standard protocols (Clontech) and tested for growth on medium
lacking phenylalanine and tryptophan as described previously". A compilation of
all S. cerevisiae strains used in this study is provided in Supplementary Table 8.
Yeast protein interaction assay. The genes encoding the proteins tested for
interaction were cloned into pGBKT7 or pPGADT7 vectors (Clontech; Supplemen-
tary Table 6), generating in-frame fusions with a gene encoding the yeast GAL4
binding and activation domain, respectively. Interaction was tested in S. cerevisiae
AH109 (Clontech). Growth controls were performed on selective dropout media
(SD) plates lacking only tryptophan and leucine to select for cells containing the
correct plasmids. Protein interactions were assayed on high-stringency SD plates
additionally lacking adenine and histidine.

Chorismate mutase activity assays. A glutathione S-transferase (GST)-Cmul, 90—
HA fusion protein was produced in Escherichia coli BL21 containing plasmid
pRset-cmu,,_290-HA (Supplementary Table 6) and enriched by glutathione-
affinity purification (GE Healthcare). Also, GST-ZmCm?2 fusion protein and
derivates of Cmul for the enzyme assay were made accordingly. After removal
of the GST moiety using PreScission protease (GE Healthcare), chorismate
mutase activity assays were performed”. After acidic conversion of prephenate
to phenylpyruvate the reaction was basidified and extinction at A = 320 nm was
measured. The increase in extinction was plotted against time (in minutes) to
visualize the formation of phenylpyruvate. Error bars represent s.d. from three
technical replicates. Purified GST protein was used as a negative control and
respective values were subtracted from those obtained with Cmul,, ,go-HA.
Demonstration of Cmul secretion. U. maydis strain AB33 P,ccmul-HA was
generated by insertion of plasmid p123_otef:um05731-HA into the ip locus of
AB33* (Supplementary Table 7). To analyse Cmul-HA secretion, material was
collected 6h after induction of filamentous growth in medium containing
nitrate®®. Protein extracts of filamentous cells and culture supernatants (after
precipitation with trichloroacetic acid) were subjected to western blot analysis
with mouse-anti HA (Sigma) and mouse anti-o-tubulin antibodies (Oncogene).
Biolistic transformation of Z. mays. For biolistic transformation® of 7- to
10-day-old maize leaves, 1.6-pm gold particles were coated with plasmid DNA
coding for the indicated genes driven by the CaMV S35 promoter (Supplementary
Table 6). Bombardment was performed using a PDS-1000/He™ instrument
(BioRad) at 900 p.s.i. in a 27 Hg vacuum. Fluorescence was observed by confocal
microscopy 2 days after transformation.
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Confocal and electron microscopy. Confocal microscopy was performed with a
LeicaSP5 confocal microscope as described™. Wheat germ agglutinin/Alexa Fluor
488 and propidium iodide stains were performed as reported®. Autofluorescence
was detected at 2 = 415-460 nm.

For immunogold labelling, infected leaf parts were cryofixed by high-pressure
freezing (Bal-Tec HPM 010), freeze-substituted in 0.5% glutaraldehyde in acetone
(containing 2% H,0), infiltrated with Lowicryl HM20 and ultraviolet-polymerized
at —40 °C. Ultrathin sections were labelled for HA epitope detection using mouse
anti-HA (Sigma H9658) and donkey anti-mouse 12-nm gold antibodies (Jackson
715-205-150) and imaged in a Philips CM10 electron microscope at 60kV.

The distribution of gold particles was determined semi-quantitatively as

described®'. Micrographs of sectioned Z. mays samples from infections with
SG200 P,,;Cmul-HA and SG200 P,,,,,; GFP-HA were selected and in each case
three different hyphae were chosen. Gold particles on each of the micrographs
were then counted and assigned to the plant cell cytosol, the biotrophic interface or
the fungal cytosol. The proportional distribution in these compartments was then
calculated as a percentage and the s.d. was calculated from the three different data
sets for each sample.
Metabolome analyses. For metabolite fingerprinting a section of the third leaf
between 1 and 3 cm below the injection holes was excised 8 days after syringe
infection with U. maydis strains or water (mock control), respectively. For each
replicate, 30-40 leaf sections were pooled. Plant material was homogenized under
liquid nitrogen. Two or three biological replicates of control leaves and infected
leaves (80 mg each) were extracted with methyl-tert-butylether/methanol®. The
polar phase was dried under a nitrogen stream and the extracted metabolites
resolved in 10 pl of methanol, 10 pl acetonitrile and 120 pl water. The metabolite
analysis was performed by ultra-performance liquid chromatography (UPLC,
ACQUITY UPLC System, Waters Corporation) coupled with an orthogonal
time-of-flight mass spectrometer (TOF-MS, LCT Premier, Waters Corporation).
For LC an ACQUITY UPLC BEH SHIELD RP18 column (1 mm X 100 mm,
1.7 pm particle size, Waters Corporation) was used at a temperature of 40 °C, a
flow rate of 0.2 mlmin~" and with the following gradient for the analysis of the
polar phase: 0-0.5 min 10% B, 0.5-3 min from 10% B to 28% B, 3-8 min from 28%
B t0 95.5% B, 8-10 min 95.5% B and 10-14 min 10% B (solvent system A: water/
formic acid (100:0.1, v/v); B: acetonitrile/formic acid (100:0.1, v/v)). The TOF-MS
was operated in negative as well as positive electrospray ionization mode in W
optics with a mass resolution larger than 10,000. Data were acquired by MassLynx
software (Waters Corporation) in centroided format over a mass range of m/z 85—
1,200 with scan duration of 0.5 s and an interscan delay of 0.1 s. The capillary and
the cone voltage were maintained at 2,700 V and 30V and the desolvation and
source temperature at 350 °C and 80 °C, respectively. Nitrogen was used as cone
(301h ') and desolvation gas (8001h™Y). For accurate mass measurement, the
TOF-MS was calibrated with phosphoric acid 0.01% (v/v) in acetonitrile/water
(50:50, v/v) and the dynamic range enhancement mode was used for data record-
ing. All analyses were monitored by using leucine-enkephaline ([M + H]*
556.2771 or [M —H]  554.2615 as well as its >C isotopomer [M + H]*
557.2803 or [M — H] ™~ 555.2615, Sigma-Aldrich) as lock spray reference com-
pound at a concentration of 0.5 pugml ™" in acetonitrile/water (50:50, v/v) and a
flow rate of 30 plmin~". The raw mass spectrometry data of all samples were
processed using the MarkerLynx Application Manager for MassLynx software
(Waters Corporation), resulting in two data sets.

The toolbox MarVis (http://marvis.gobics.de33) was used for ranking, filtering,
adduct correcting and combining the data as well as for clustering and visualiza-
tion, respectively. An analysis of variance test was applied to extract a subset of
high-quality marker candidates with a p value less than 1 X 10, The filtered data
sets were adduct corrected according to the following rules: [M+ H]",
[M + Na] ™, [M + NH,] ™ for the positive and [M — H] ™, [M + CH,0, — H] ",
[M + CH,0, + Na— 2H] " for the negative ionization mode. The combined data
led to an overall data set of 810 marker candidates (Supplementary Table 2), which
were used for clustering and visualization by means of one-dimensional self-
organizing-maps and for database search.

The identity of selected markers was confirmed by MS” fragment information®,

co-elution with identical standards or exact mass measurement (Supplementary
Table 3).
Salicylic acid measurements. For metabolite fingerprinting, a section of the third
leaf between 1 and 3 cm below the injection holes was excised 8 days after syringe
infection with U. maydis strains or water (mock control), respectively. For each
replicate, 30-40 leaf sections were pooled.

Total salicylic acid was extracted®® and identified by co-elution with an authentic
standard using liquid chromatography-mass spectrometry.

Proteome analysis of apoplastic fluids. To extract apoplastic fluids, maize
seedlings were infected with a mixture of FBI and FB2 (ref. 36). Two, four and
six days after infection, infected areas were excised and apoplastic fluid was
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collected”. After precipitation with trichloroacetic acid, proteins were separated
by 12% SDS-polyacrylamide gel electrophoresis, digested in gel*® after subdividing
each lane into 11 equal parts and run on an Agilent 1100 nano-HPLC system
(75-pm C18 column, 100-min gradients), coupled to an LTQ-FT mass spectro-
meter (Thermo Scientific). The “Top-3-SIM’ acquisition method was used, as
described®. Spectra were processed by MSQuant* and searched using Mascot
against a decoy Zea/Ustilago protein database. Mass tolerance for the precursor
ion was in all cases 5 p.p.m, and for fragment ions 0.5 Da; full trypsin specificity
was required and two missed cleavages were allowed. The mean measurement
mass deviation of precursor (peptide) ions was 0.96 p.p.m. with a standard devi-
ation of 0.82.
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