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SUMMARY

The biotrophic fungus Ustilago maydis, the causal agent of corn

smut disease, uses numerous small secreted effector proteins to

suppress plant defence responses and reshape the host metabo-

lism. However, the role of specific effectors remains poorly

understood. Here, we describe the identification of ApB73 (Apa-

thogenic in B73), an as yet uncharacterized protein essential for

the successful colonization of maize by U. maydis. We show that

apB73 is transcriptionally induced during the biotrophic stages of

the fungal life cycle. The deletion of the apB73 gene results in

cultivar-specific loss of gall formation in the host. The ApB73 pro-

tein is conserved among closely related smut fungi. However,

using virulence assays, we show that only the orthologue of the

maize-infecting head smut Sporisorium reilianum can comple-

ment the mutant phenotype of U. maydis. Although microscopy

shows that ApB73 is secreted into the biotrophic interface, it

seems to remain associated with fungal cell wall components or

the fungal plasma membrane. Taken together, the results show

that ApB73 is a conserved and important virulence factor of

U. maydis that localizes to the interface between the pathogen

and its host Zea mays.

Keywords: biotrophic interaction, effectors, filamentous fun-

gus, plant pathogen, Ustilago maydis, virulence factors, Zea

mays.

INTRODUCTION

Biotrophic pathogens require a living host to complete their life

cycle. To accomplish this balancing act, they have evolved a fasci-

nating repertoire of secreted effector molecules that allow them

to manipulate their hosts. Some effectors have been shown to

directly target and inhibit the host defence machinery (Jones and

Dangl, 2006; de Jonge et al., 2011). Others take part in an evasion

strategy, binding and sequestering putative pathogen-associated

molecular patterns (PAMPs), such as cell wall components, to

evade recognition and the induction of host defences (de Jonge

et al., 2010; Mentlak et al., 2012). Depending on the functional

task of an effector, it will either play a role in the biotrophic

interphase between the pathogen and the host (apoplastic effec-

tor) or act as a cytoplasmic effector inside the host cell (Koeck

et al., 2011).

Despite the vital role of effectors for pathogenicity, the actual

deletion of many does not necessarily lead to impaired virulence

of the pathogen (K€amper et al., 2006; Lindeberg et al., 2012;

Saitoh et al., 2012; Schilling et al., 2014). This is believed to be

partially a result of functional redundancy; however, it is also pos-

sible that certain effectors may only be functional under specific

environmental conditions that were not reflected in the narrow

range of laboratory test conditions used.

For most putative effector proteins, the sequence similarity

among species is rather low and conservation across families is

rarely reported (Sperschneider et al., 2015). This is probably a

result of the high selection pressure on effectors to evade the co-

evolving plant defence system (Jia et al., 2000; Jones and Dangl,

2006; Le Roux et al., 2015). Despite this high variability at the

sequence level, functional effector research indicates that many

effectors target conserved hubs in the plant defence network and

metabolic branching points (Mukhtar et al., 2011). Therefore,

functional effector studies can be highly informative about the

critical needs of biotrophic pathogens, the key nodes in the plant

defence system and their interconnection with plant metabolism.

In the last few decades, Ustilago maydis has become a versa-

tile model for the study of biotrophic interactions (Djamei and

Kahmann, 2012). Infection with the pathogen causes galls on

all aerial parts of its host plant Zea mays (Brefort et al., 2009;

Christensen, 1963). The U. maydis genome encodes several hun-

dred putative effector proteins allowing the fungus to accomplish

its manipulative task. At the genome level, many are arranged in

clusters. However, only four of the 12 clusters result in a reduction

in virulence when deleted (K€amper et al., 2006).

Previous studies have shown that different Z. mays varieties

display varying susceptibility to U. maydis infection. For example,

the Early Golden Bantam (EGB) sweet corn variety has been

reported to be more susceptible than field corn to U. maydis

(Agrios, 1988; White, 1999). The inbred line B73, an important

commercial variety (Dolgin, 2009), is a widely used maize acces-

sion that has recently been fully sequenced (Schnable et al.,

2009). Accordingly, numerous data are available regarding the

susceptibility of B73 to different pathogens (Wisser et al., 2006).

However, no study has been performed to date to test its suscepti-

bility to U. maydis infection. Independent of the maize cultivar, no*Correspondence: Email: armin.djamei@gmi.oeaw.ac.at
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gene-for-gene interactions have been reported for the Z. mays–

U. maydis pathosystem. Instead, variety-specific differences in

infection frequency and severity are based on an interplay of dif-

ferent host loci (Baumgarten et al., 2007).

Genetically, U. maydis is closely related to other smut fungi,

including Sporisorium reilianum, Sporisorium scitamineum, Usti-

lago hordei, Ustilago bromivora and Melanopsichium pennsylvani-

cum. Among these, S. reilianum is of special interest as it is most

closely related to U. maydis (Stoll et al., 2003). In addition, the

two smuts infect the same host: Z. mays. However, S. reilianum,

as well as U. hordei and U. bromivora, are head smuts, meaning

that they only cause symptoms in the floral organs of their respec-

tive monocotyledonous hosts. Melanopsichium pennsylvanicum is

the only smut fungus known to induce galls on dicotyledonous

plants (Sharma et al., 2014).

Despite their differences, all mentioned smut fungi use effec-

tors to establish biotrophy (Doehlemann et al., 2009; Schirawski

et al., 2010; Sharma et al., 2014).

Experimental evidence explaining the precise role of these

effectors is limited. So far, only five effector proteins from

U. maydis have been functionally characterized. These include two

effectors acting in the biotrophic interphase and three that are

translocated into the plant cell. The characterized apoplastic effec-

tors are Pep1 (Protein essential for penetration 1; Doehlemann

et al., 2009; Hemetsberger et al., 2012) and Pit2 (Protein involved

in tumours 2; Doehlemann et al., 2011; Mueller et al., 2013). Pep1

is known to inhibit plant peroxidases and thereby interferes with

the oxidative burst, whereas Pit2 inhibits cysteine proteases in the

biotrophic interface. The effectors reported to be translocated into

the host cell are the secreted chorismate mutase Cmu1 (Djamei

et al., 2011), a protein rechannelling chorismate into the phenyl-

propanoid pathway and thereby outcompeting the biosynthesis

pathway of the plant defence hormone salicylic acid, Tin2 (Tumour

inducing 2; Tanaka et al., 2014), which is capable of interfering

with lignin biosynthesis in maize by promoting anthocyanin bio-

synthesis, and See1 (Seedling efficient effector 1; Redkar et al.,

2015a), the first functionally characterized organ-specific effector.

See1 interacts with a maize homologue of SGT1 (Suppressor of G2

allele of skp1) involved in cell cycle control in yeast.

Here, we characterize ApB73, a protein transcriptionally up-

regulated during the biotrophic stage and essential for the suc-

cessful colonization of Z. mays accession B73 by U. maydis.

ApB73 is secreted by the fungus, but then localizes to the fungal

surface during biotrophy.

RESULTS

Discovery of ApB73

Previously published microarray studies, comparing U. maydis

transcripts from infected maize tissue with those of axenically

grown cultures, demonstrated a strong up-regulation of transcripts

from putative effector genes (Skibbe et al., 2010). Among these

induced transcripts, we found UMAG_02011 to be up-regulated

during biotrophy. To confirm this observation, we performed

quantitative real-time polymerase chain reaction (qPCR) analysis

(Fig. 1a). It showed that UMAG_02011 is transcriptionally up-

regulated by more than 100-fold during biotrophic growth of the

fungus. This indicates that the expression of UMAG_02011 might

be specifically required to establish and/or maintain biotrophy.

The intron-less apB73 gene (UMAG_02011) is located on chro-

mosome 3 of the U. maydis genome and is not part of a gene

cluster. The flanking gene upstream is UMAG_02010 (aro-8),

which is predicted to be related to the family of II 2-keto-3-deoxy-

D-arabino-heptulosonate 7-phosphate synthases which are

involved in amino acid metabolism. The next coding sequence

downstream of apB73 is UMAG_02012, a hypothetical protein

that may be involved in sugar, glucoside, polyol and carboxylate

metabolism. Both proteins are not predicted to be secreted, in

contrast to ApB73, which is expected to be cleaved after a

19-amino-acid-long N-terminal putative secretion signal/signal

peptide (SP; Petersen et al., 2011).

With a size of 709 amino acids ApB73 is larger than the com-

mon size ranges of an effector protein. Despite its size, there are

no known protein domains within ApB73, apart from the SP. Pos-

sible orthologues of ApB73 can be found in related smut fungi,

including S. reilianum, S. scitamineum, U. hordei, U. bromivora

and M. pennsylvanicum. However, none of these proteins has

been characterized to date. Interestingly, but similar to many

other known U. maydis effectors (e.g. Cmu1, Tin2 and Pep1),

orthologues can also be found in the genome of several different

Pseudozyma species, a non-pathogenic yeast-like fungus (Buxdorf

et al., 2013).

Role of apB73 for virulence

To elucidate the importance of apB73, gene deletions and overex-

pression strains were generated by homologous recombination in

the solopathogenic haploid strain SG200 (K€amper et al., 2006).

The overexpressor strain was generated by ectopic integration of

the apB73 gene under the strong constitutive oma promoter (Flor-

Parra, 2006) into the ip locus (Keon et al., 1991; Loubradou et al.,

2001). First, a possible role of ApB73 in non-infection-related

stress responses was investigated. The deletion strain, as well as

an overexpressor, was subjected to different stress-inducing

media. The tested conditions included nutrient depletion, salt, oxi-

dative and cell wall stress. No obvious growth differences were

observed in the apB73 deletion strain or the ApB73 overexpressor

strain relative to SG200 (Fig. S2, see Supporting Information). The

ability to grow filaments, a prerequisite for the pathogenic lifestyle

of U. maydis (Kahmann and K€amper, 2004), was tested by plating

the progenitor strain and the apB73 deletion strain on charcoal
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Fig. 1 ApB73 is an important virulence factor of Ustilago maydis. (a) apB73 is up-regulated during biotrophic growth stages. Transcript levels of apB73 were

measured at different growth stages of FB1/FB2 by quantitative real-time polymerase chain reaction (qPCR). For normalization, the constitutive gene peptidyl-prolyl

isomerase (ppi) was used. We analysed three biological replicates; error bars indicate standard deviation. (b) ApB73 is essential for the virulence of U. maydis in

maize cv. B73. Disease rating of maize seedlings at 12 days post-infection (dpi) with the progenitor strain SG200, the SG200DapB73 deletion strain or the

complementation strain SG200DapB73-apB73-HA. In the top row, photographs of the respective strain are shown after growth on filamentation-inducing charcoal

plates for 24 h. Disease scores are shown on the right. The mean values of three independent infections are depicted and the total number of infected plants is

indicated above the respective columns. The mean and standard deviation of relative counts from replicates are displayed. For clarity, only positive error bars are

shown. P values were calculated by Fisher’s exact test. Multiple testing correction was performed using the Benjamini–Hochberg procedure. ****P < 0.0001.

(c) Microscopic analysis of the ApB73 virulence phenotype. Maize plants of cv. B73 were infected with the progenitor strain SG200, the SG200DapB73 deletion

strain or the complementation strain SG200DapB73-apB73-HA, and harvested at 2 or 7 dpi. Photographs were taken after staining the leaf tissue with

WGA-AlexaFluor488 (green) to visualize fungal chitin and propidium iodide (red) to observe plant cell walls. Bar, 100 mm.
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medium (Fig. 1b). On this filamentation-inducing medium,

SG200DapB73 and SG200 form fuzzy white colonies, indicating

that the ability to form filaments remains intact (see Fig. S1 for

negative control).

In order to assess the role of ApB73 in pathogenicity, seedlings

of Z. mays cultivar B73 were infected with the solopathogenic

strain SG200 and the deletion strain SG200DapB73. Disease

symptom scoring showed that the mutant strain fails to infect the

Z. mays cultivar B73, leading to a complete loss of tumour forma-

tion (Fig. 1b).

To test for causality between the virulence defect and the

absence of apB73, the apB73 deletion strain was complemented

by ectopic integration of the apB73 gene into the ip locus. The

resulting complementation strain (SG200DapB73-PapB73-apB73-

HA) displays SG200-like virulence in seedling infection assays on

B73 maize plants (Fig. 1b). This confirms that the deletion of

apB73 is the cause of the virulence loss of the SG200DapB73

strain on B73 seedlings. The dramatic reduction in the develop-

ment of macroscopic symptoms in SG200DapB73-infected B73

maize plants could be a result of either the inability of the mutant

strain to penetrate epidermal cells, as has been reported for the

effector mutant Dpep1 (Doehlemann et al., 2009), or its inability

to proliferate efficiently inside the host plant. To clarify this, micro-

scopic analysis of different fungal infection stages was performed.

Seedlings of maize cultivar B73 harvested 2 or 7 days after infec-

tion with SG200, SG200DapB73 or SG200DapB73-PapB73-apB73-

HA were observed (Fig. 1c). Although SG200DapB73 mutant

strains still seemed to be able to form appressoria and penetrate,

proliferation inside the plant was strongly reduced. The progenitor

strain-like formation of appressoria and penetration structures

was independently confirmed by a microscopy-based assay, com-

paring appressorial marker induction and penetration efficiency of

fluorescently labelled apB73 mutant and progenitor strains

(Fig. S3, see Supporting Information). Similar microscopic viru-

lence phenotypes have been reported previously for the U. maydis

mutant Dpit1, a non-secreted integral membrane protein (Doehle-

mann et al., 2011). Summarizing these observations, the apB73

mutant did not seem to be impaired in its ability to penetrate the

plant cuticle and plant cell walls, but appeared to be inhibited in

successful colonization of the maize leaf tissue after initial pene-

tration. This is consistent with the finding that tassels of the maize

variety Gaspe Flint infected with dikaryotic apB73 deletion

mutants show reduced gall formation in comparison to infection

with the control progenitor strain FB1/FB2 (Fig. S4, see Supporting

Information). Microscopic analysis revealed that the galls of plants

infected with the apB73 deletion mutant did not contain any

spores, in contrast to the galls that were induced by the progeni-

tor strain (Fig. S4).

As different maize varieties show varying susceptibility to

U. maydis, the highly susceptible sweet corn variety EGB was also

challenged with SG200DapB73 and SG200. Interestingly, and in

contrast to B73, EGB plants still show tumour formation upon

infection with SG200DapB73, but at a significantly lower rate in

comparison to infections with SG200 (Fig. 2).

Secretion of ApB73

As a result of the strong disease phenotype of the apB73 deletion

mutant, it can be concluded that ApB73 is an important virulence

factor of U. maydis. Its predicted secretion signal and the lack of

any observable phenotype on stress plates implicates that ApB73

might act as an effector. To test for the localization of ApB73

in planta, we tagged apB73 at its C-terminus with mCherry-HA

and expressed the fusion protein under the native apB73 pro-

moter. In liquid culture, no mCherry signal was observed. How-

ever, during biotrophic development in planta, the mCherry signal

could be observed all around the hyphae of the fungus. This indi-

cates that U. maydis secretes ApB73 into the biotrophic interphase

(Fig. 3a). To further confirm the secretion of ApB73 by U. maydis,

we performed a Western blot on secreted proteins, termed super-

natant assay. To this end, we expressed ApB73-HA under the con-

stitutive otef promoter in the AB33 strain (Brachmann et al.,

Fig. 2 Effect of ApB73 on virulence in different Zea mays accessions.

Virulence assay showing the different outcomes of disease ratings of the

DapB73 mutant depending on the use of maize accession B73 or EGB.

Seedlings were infected 7 days after germination and scored for symptoms at

12 days post-infection (dpi). Disease scores are shown on the right. The mean

values of three independent infections are depicted and the total number of

infected plants is indicated above the respective columns. The mean and

standard deviation of relative counts from replicates are displayed. For clarity,

only positive error bars are shown. P values were calculated by Fisher’s exact

test. Multiple testing correction was performed using the Benjamini–Hochberg

procedure. ****P < 0.0001.
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2001; Spellig et al., 1996). The genetically modified AB33 strain

expresses a heterodimeric transcription factor responsible for fila-

mentation during pathogenic development under a nitrate-

inducible promoter (Pnar). The ability of AB33 to form filaments

after being shifted to nitrate-containing medium allows for experi-

ments on a developmental stage normally only induced on the

plant leaf. In contrast with the in planta microscopy data (Fig. 3a),

the Western blot performed on the proteins obtained in the
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secretion assay failed to demonstrate free secretion of ApB73

(Fig. 3b). To narrow down the exact localization of ApB73, a strain

was generated that co-expresses ApB73-mCherry-HA and Pit1-

GFP, a known transmembrane protein (Doehlemann et al., 2011),

each under the native ApB73 promoter. After infection into maize

plants, co-localization of the two fusion proteins was observed

(Fig. S5, see Supporting Information). All observations together

support the secretion and association of ApB73 to the fungal

surface.

The importance of the SP was further analysed by challenging

strains expressing different constructs for their ability to comple-

ment the apB73 mutant phenotype in a virulence assay with

maize plants. Knowing that the C-terminal fusion of mCherry to

ApB73 fully complements the phenotype (Fig. 3c), the mCherry

tag was included in all constructs. This allows the visualization of

the fusion protein. The SP was either completely removed

(ApB7320–709) or substituted by the SP of a previously character-

ized effector Pit2 (Pit21–25; Doehlemann et al., 2011; Fig. 3c). The

strain expressing ApB7320–709, i.e. lacking the SP, was unable to

complement the virulence phenotype. Exchanging the SP from

ApB731–19 to Pit21–25 resulted in a strain fully complementing the

mutant phenotype. To verify protein expression, microscopy of

infected maize leaves was performed (Fig. S6, see Supporting

Information). Both constructs showed expression. ApB7320–709-

mCherry-HA was solely localized to the fungal cytoplasm, whereas

the Pit21–25ApB7320–709-mCherry-HA fusion protein was secreted

and localized around the hyphae. The complementation assays

show not only that the SP is essential for the function of ApB73,

but also that it is interchangeable with SP of other proteins.

As a next step, we wanted to exclude the possibility that

ApB73, despite being secreted, acts solely in the endoplasmic

reticulum (ER). To examine this, we tested whether ApB73, C-

terminally fused to the ER retention signal HDEL, is functional and

able to complement the virulence defect of the deletion strain. We

introduced ApB73-mCherry-HA-HDEL under the apB73 promoter

ectopically into the ip locus of the DapB73 strain and performed a

virulence assay (Fig. 3c). The resulting strain expressing ApB73-

mCherry-HA-HDEL was unable to fully restore virulence; however,

small- to medium-sized tumours were formed at a low rate.

Microscopic analysis showed that ApB73-mCherry-HA-HDEL is

expressed, but not secreted (Fig. S4). Considering that the ApB73-

mCherry-HA fusion protein complements the virulence phenotype

of DapB73 and the HDEL sequence is unlikely to cause steric hin-

drance leading to a non-functional protein, the fact that some

tumours are formed could be explained by a small amount of pro-

tein that ‘escapes’ ER retention, quantitatively too low to be

observable by microscopy.

Next, we investigated the observation that ApB73 does not

seem to be freely secreted to the surrounding medium (Fig. 3b).

To do so, we performed microscopy on maize plants infected with

a DapB73 strain expressing ApB73-mCherry-HA under the strong

otef promoter. Three days later, infected leaf samples were

treated with mannitol (1 M) to induce plasmolysis, which allows

for the visualization of freely secreted protein, as it should diffuse

evenly within the biotrophic interface. This has been demon-

strated for other effector fusion proteins, such as Pit2-mCherry

and Pep1-mCherry (Doehlemann et al., 2009, 2011). To exclude

the possibility that the ApB73 SP has a membrane-anchoring func-

tion, we fused the SP sequence ApB731–19 to mCherry. The

ApB73 SP leads to a clear secretion of mCherry (Fig. 3d, top

panel). The mCherry signal is evenly distributed in the apoplast,

indicating no membrane or cell wall association of this fusion pro-

tein. This means that the ApB73 SP alone is not sufficient to keep

a protein associated to the membrane or cell wall. In contrast, if

mCherry is fused C-terminally to full-length ApB73, no such diffu-

sion can be observed (Fig. 3d, middle panel). The mCherry signal

Fig. 3 Localization of the ApB73 protein and the role of its signal peptide. (a) Secretion of ApB73-mCherry-HA protein in infected maize plants. Leaves of maize cv.

B73 were infected with SG200DapB73-ApB731–709-mCherry-HA and fluorescence was observed at 5 days post-infection (dpi). Bar, 5 lm. (b) Detection of ApB73-HA

protein in culture supernatants. ApB73-HA was expressed by strain AB33-Potef-ApB73-HA after shifting the cells to nitrate-containing medium for 6 h to induce

filamentation. AB33-Potef-Cmu1-HA was used as a positive control and AB33-Potef-GFP-33HA as a negative control. Supernatants were collected; the proteins

present were precipitated with trichloroacetic acid (TCA)/Sodium deoxycholate (DOC) and subjected to Western blot analysis using anti-haemagglutinin (HA) and

anti-actin antibodies. Compared to Cmu1-HA, five times more precipitated supernatant-derived proteins of ApB73-HA were loaded. Numbers on the left indicate the

size in kilodaltons (kDa). (c) Virulence assay confirming the essential role of the ApB73 signal peptide and the complementation of the C- and N-terminal fusions to

mCherry. Strains expressing ApB73 without SP (ApB7320–709), with a different SP (Pit21–25-ApB7320–709), the endoplasmic reticulum (ER) retention signal HDEL

(ApB731–709mCherryHA-HDEL) or in C- or N-terminal fusion to mCherry were compared to the deletion strain (DapB73) and the progenitor strain SG200 in a

seedling infection assay using maize cv. B73. All strains were expressed under the native apB73 promoter, except for the N-terminal mCherry fusion (otef promoter).

In the top row, photographs of the respective strain are shown after growth on filamentation-inducing charcoal plates for 24 h. Disease scores obtained at 12 dpi are

shown on the right. The mean values of three independent infections are depicted and the total number of infected plants is indicated above the respective columns.

The mean and standard deviation of relative counts from replicates are displayed. For clarity, only positive error bars are shown. P values were calculated by Fisher’s

exact test. Multiple testing correction was performed using the Benjamini–Hochberg procedure.*P < 0.05; ****P < 0.0001. (d) Effect of plasmolysis on the

localization of different ApB73 fusion proteins. Maize plants of cv. B73 were infected with strains expressing ApB731–19mCherry-HA, ApB73-mCherry-HA or ApB731–

19-mCherry-33HA-ApB7320–709233myc, harvested at 3 dpi and observed after treatment with 1 M mannitol. Arrowheads indicate the plant plasma membrane

pulling away from the cell wall. Bar, 10 mm.
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remains exclusively around the hyphae. Interestingly, when per-

forming N-terminal fusions of mCherry and ApB73, the mCherry

signal is detectable in the apoplast (Fig. 3d, bottom panel). This

may be an indication that ApB73 is processed before or after

secretion into the biotrophic interphase. Another possibility is that

the N-terminally fused mCherry protein sterically hinders the bind-

ing of ApB73 to the fungal surface. Both the N- and C-terminal

fusions of mCherry to ApB73 fully complement the deletion phe-

notype (Fig. 3c). As a result, we can conclude that, if mCherry

blocks the membrane/cell wall association of ApB73, this associa-

tion cannot be functionally critical for ApB73.

However, this possible processing seems to be a feature of

ApB73 that can only be observed in planta. The reasoning here is

that, in all protein assays conducted using axenic culture, no size

differences were observed and the full-sized protein was always

detected. To this end, we also attempted to conduct immunopreci-

pitation/Western blot of infected plant material to show the proc-

essing of ApB73 biochemically. However, because of the very low

expression of ApB73, we could not obtain specific bands. The

option of using stronger promoters [e.g. the promoter of stp1

(Schipper, 2009) or pep1 (Doehlemann et al., 2009); D. Lanver,

Max Planck Institute for Terrestrial Microbiology, Marburg, Ger-

many, personal communication] was neglected as the constructed

strains could not fully complement the virulence phenotype

(Fig. S7, see Supporting Information). The expression and secretion

of the fusion proteins were confirmed by microscopy (Fig. S6).

Orthologues of ApB73 in other smut fungi

Amino acid BLAST analysis with the ApB73 sequence in related

smut genomes revealed the existence of possible ApB73 ortho-

logues in nearly all tested smuts, including the solely saprophytic,

apathogenic smut fungus Pseudozyma aphidis (Fig. 4a). All ortho-

logues, except the P. aphidis protein, share an N-terminal SP indi-

cating their secretion (Petersen et al., 2011). Interestingly, the

Pseudozyma orthologue PaApB73 also contains a short stretch of

amino acids qualifying as an SP. However, because of a new

methionine, the potential SP is located 89 amino acids away from

the N-terminus. Identity values among the orthologues range

from 27.5% to 44.5%, whereas similarities—a looser definition

taking physical and chemical properties of the amino acids into

account—reached up to 55% in the S. reilianum orthologue

(Immunomedicine Group, 2015). We then examined the alignment

of the different proteins in order to test for functional conservation

of selected ApB73 orthologues (Fig. S8, see Supporting Informa-

tion). We chose three orthologues for a cross-species complemen-

tation assay: SrApB73 (sr12972) from S. reilianum, as the

pathogen shares the same host Z. mays and is most closely

related; MpApB73 (MP05899) from M. pennsylvanicum, as it is

the only smut infecting dicotyledonous plant; and UbApB73

(UBRO_02986) from U. bromivora, a Bromus-infecting smut and

close relative of U. hordei. As a result of the lack of an exposed

SP and the knowledge that a functional SP is essential for ApB73

function, the Pseudozyma orthologue was neglected.

For the cross-species complementation assay, we introduced

the coding sequences of the orthologues from S. reilianum,

Fig. 4 ApB73 has orthologues in other smut fungi. (a) Identity and similarity

values of ApB73 orthologues from different smut fungi to the ApB73 protein

from Ustilago maydis. Included here are protein sequences from Sporisorium

reilianum, Melanopsichium pennsylvanicum, Ustilago hordei, Ustilago

bromivora, Sporisorium scitamineum and Pseudozyma aphidis. Values were

calculated using amino acid sequences and feeding them into the software

tool SIAS (Immunomedicine Group, 2015). (b) Disease ratings of different

complementation strains of the DapB73 mutant. The mutant strain

SG200DapB73 was transformed with a construct expressing UbApB73,

SrApB73 or MpApB73 under the native ApB73 promoter. Seedlings of maize

cv. B73 were infected 7 days after germination and scored for symptoms at

12 days post-infection (dpi). In the top row, photographs of the respective

strains are shown after growth on filamentation-inducing charcoal plates for

24 h. Disease scores are shown on the right. The mean values of three

independent infections are depicted and the total number of infected plants is

indicated above the respective columns. The mean and standard deviation of

relative counts from replicates are displayed. For clarity, only positive error

bars are shown. P values were calculated by Fisher’s exact test. Multiple

testing correction was performed using the Benjamini–Hochberg procedure.

**P < 0.01; ****P < 0.0001.
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U. bromivora and M. pennsylvanicum into the U. maydis DapB73

strain by ectopic integration. All orthologues were expressed

under the native apB73 promoter to exclude problems with pro-

moter strength or time of expression. All derived transgenic strains

were subjected to a virulence assay in B73 and disease symptoms

were scored at 12 days post-infection (dpi). We found that the

S. reilianum orthologue SrApB73 was capable of complementing

the apB73 mutant phenotype (Fig. 4b). In contrast, the less con-

served orthologues from U. bromivora and M. pennsylvanicum,

both sharing the same identity value towards UmApB73, were

unable to rescue the virulence defect of the apB73 deletion strain

(Fig. 4b). To further elaborate whether expression problems could

be the reason for UbApB73’s inability to complement the

umapB73 deletion phenotype, a C-terminal mCherry fusion was

generated, and expression as well as secretion were confirmed by

fluorescence microscopy (Fig. S6).

DISCUSSION

In recent decades, it has become more and more evident that viru-

lence factors, including effector molecules, are key players in the

establishment of biotrophic interactions between pathogens and

plants (Jones and Dangl, 2006). Although research has mainly

focused on bacterial proteins, factors from oomycetes or fungi

have also been characterized, shedding light into these complex

interactions (de Jonge et al., 2010; Djamei et al., 2011).

Here, we describe ApB73, one of the very few known secreted

molecules that are crucial to the establishment of biotrophy in the

Ustilago maydis–Zea mays cv. B73 pathosystem. We could show

that deletion of apB73 from the progenitor strain abolishes the

ability of the fungus to form tumours on maize cultivar B73. Inter-

estingly, this changed when we employed the most widely used

accession in the U. maydis field, namely the sweet corn EGB. With

this more susceptible maize variety, we commonly observed gall

formation when infecting with the DapB73 strain, although only

to a limited extent. Differences in infection severity in response to

different maize accessions have never been described before for

any other effector mutant. This observation shows that the out-

come of an infection is not only dependent on the strength of the

pathogen, but also on the susceptibility of its host.

Additional confirmation comes from the comparison of known

quantitative resistance loci. The U. maydis–maize interaction is

not based on the typical gene-for-gene interactions common to

other pathosystems. Instead, it was shown that the outcome of

an infection of Z. mays with U. maydis is determined by the inter-

play of several quantitative trait loci (QTLs; Baumgarten et al.,

2007). Therefore, although there are currently no studies available

comparing the genomes of EGB and B73, we can speculate that

differences between these two genomes must affect important

quantitative resistance loci decisive for the outcome of an infec-

tion with U. maydis.

Our results show that virulence phenotypes caused by dele-

tions of ‘weaker’ virulence factors can be intensified when tested

in maize accession B73 instead of EGB. Considering how many

putative effector gene deletions do not result in a measurable phe-

notype (K€amper et al., 2006), this could help to widen the dynamic

range of infection scorings and allow for the detection of minor

contributions to virulence from effector candidates. In addition,

this could assist researchers in the field of plant pathogens by

making them aware that, in some cases, it could help to use vari-

ous host accessions to elucidate the role of an effector candidate.

From the experiments described here, interesting characteris-

tics with regard to the role of ApB73 can be deduced. In contrast

to pep1 mutants, where the growth of U. maydis is blocked at a

very early stage, leaving it unable to penetrate the plant

(Doehlemann et al., 2009), apB73 mutants seem to be capable of

successful penetration of the plant epidermis. However, they fail

to establish biotrophy, indicated by the lack of extensive and

branched fungal growth as late as 7 dpi. This shows that the

expression of apB73 is crucial for virulence and that the protein is

needed, not in the very first steps of the infection process, but

later during biotrophic proliferation. The quantitative PCR data

shown here support the involvement of ApB73 at later stages of

infection. Although the expression of apB73 is already increased

after 24 h (�10-fold), highest expression levels are found

between 2 and 8 dpi (>100-fold). This coincides with the biotro-

phic stages of development of U. maydis, as shortly after this

phase hyphae start to fragment (9 dpi), initiating the first steps

towards the formation of spores (Banuett and Herskowitz, 1996).

The expression profile is comparable to that of other known effec-

tors, such as Pit2 or Tin2. Here, deletions also result in strains still

capable of penetrating the plant epidermis, but failing to cause

symptoms of full virulence. The finding that apB73 deletion strains

are unable to form spores, i.e. progeny, demonstrates that ApB73

is essential for the completion of the sexual, pathogenic life cycle

of U. maydis inside its host.

The observation that certain effector mutants of U. maydis are

still virulent to a certain degree, i.e. are, in principle, capable of

penetrating the plant and also succeed in colonizing the next few

cells, can be explained by imagining an equilibrium between viru-

lence factors and the host defence machinery. The less efficiently

the pathogen suppresses the host defence machinery, for exam-

ple, because of a lack of specific effectors, the more likely it will

fail over the long run with regard to the colonization of its host.

Vice versa, the less efficiently the host machinery recognizes and

reacts to the invader, the more likely it will be overcome by the

pathogen. The binary outcome of spore formation is therefore a

quantitative product of the susceptibility of the host and the viru-

lence of the pathogen.

In vivo microscopy of ApB73-mCherry and complementation

attempts without the ApB73 SP show that ApB73 is secreted and
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that secretion is essential for its function in virulence. Interest-

ingly, ApB73 seems to stay attached to the fungal membrane or

cell wall, as indicated by culture supernatant assays and plasmoly-

sis experiments of infected maize plants using ApB73-mCherry.

In planta, we observed free diffusion of ApB73 fusion proteins

when conducting plasmolysis experiments with ApB731–19-

mCherry-33HA-ApB7320–70933myc. This either shows a possible

processing of ApB73 or steric hindrance of its membrane attach-

ment caused by the N-terminal mCherry. Processing of this unusu-

ally large protein might be an important step that could either

change the function of the protein or possibly release an active

moiety in order to fulfil its function. Considering the size of the

protein, ApB73 may (first) have a shielding function. Selective

positioning of ApB73 could make the fungus less obvious to the

plant’s defence system or shield the fungal membrane against

possible defence proteins secreted by the plant. Similar roles are

known for virulence factors from other pathogens, including Cla-

dosporium fulvum (Avr4; van den Burg et al., 2006; van Esse

et al., 2007) and Mycosphaerella graminicola (Mg3LysM; Marshall

et al., 2011). Avr4 and Mg3LysM protect/shield fungal chitin

against hydrolysis by plant chitinases.

Apart from a putative shielding function of ApB73, its possible

in planta processing may allow other functions. Considering that

the processed ApB73 fragments would be much smaller, they may

even be translocated into the plant cell.

Also interesting are the observations made when attempting to

complement the mutant phenotype using orthologous proteins

from closely related smuts. We observed that neither the ortho-

logue from M. pennsylvanicum nor that from U. bromivora can

complement the phenotype. However, the orthologue from

S. reilianum almost fully restores virulence. This shows that the

pure size of the protein is not sufficient for its function, although it

should be considered that differences in SP could matter. One rea-

son why only the orthologue from S. reilianum can complement the

phenotype could be that both fungi are infecting the same host, i.e.

both may have evolved to interact with a certain maize protein. A

simpler explanation could be the fact that UmApB73 and SrApB73

share the highest identity values. For other effectors, studies of

orthologous proteins were also conducted. For Pep1, for example, a

well-characterized effector of U. maydis, all complementation

attempts using orthologues from various other smuts were success-

ful (Hemetsberger et al., 2015). The reason here is probably the

overall very high conservation (identities of 51%–64% compared

with only 27%–44.5% for ApB73). In contrast, complementation

attempts for the effector See1 with its U. hordei orthologue were

not successful, with identity values of 34% (Redkar et al., 2015b).

Although we have demonstrated that ApB73 is an important

and functionally conserved secreted virulence factor among some

of the tested smuts, the elucidation of its mechanistic role during

biotrophy is still enigmatic and awaits future research.

EXPERIMENTAL PROCEDURES

Strains and plasmids

For all plasmid generations, standard molecular cloning procedures were

applied (Sambrook et al., 1989). Escherichia coli Mach1 (Thermo Fisher Scien-

tific, Waltham, MS, USA) was used for all DNA manipulations. The primers

and plasmids generated for this study are shown in Tables S1 and S2 (see

Supporting Information). All plasmids used are based on the p123 vector

published previously (Aichinger et al., 2003). Some plasmids were generated

using the GreenGate system (Lampropoulos et al., 2013). The modules used

were either amplified by PCR (see Table S1 for primer sequences) or DNA

was obtained from the published system (Lampropoulos et al., 2013). All vec-

tor maps containing detailed sequence information are available on request.

Ustilago maydis was grown at 28 8C in YEPSL (0.4% yeast extract,

0.4% peptone and 2% sucrose). Pathogenicity assays and disease symp-

tom scoring at 12 dpi were conducted as described previously (K€amper

et al., 2006). Tassel infections using maize cv. Gaspe Flint were conducted

as described previously (Redkar et al., 2015a). All U. maydis strains

(Table S3, see Supporting Information) were generated by gene replace-

ment via homologous recombination with PCR-generated constructs

(K€amper, 2004) or by insertion of p123 derivatives into the ip locus, as

described previously (Loubradou et al., 2001). Isolated U. maydis trans-

formants were confirmed by PCR. For the generation of deletion strains,

the transformants were additionally tested by southern analysis. For col-

ony growth assays, U. maydis strains were spotted onto plates containing

complete medium (CM) agar supplemented with 1% glucose and various

stress-inducing compounds in serial dilutions, and incubated for 48 h at

28 8C. The concentrations of these compounds are indicated in the respec-

tive experiment. To induce filamentous growth, strains were spotted onto

potato dextrose agar containing 1% activated charcoal.

Maize varieties were EGB (Olds Seeds, Madison, WI, USA), Gaspe Flint

(kindly provided by Professor Dr Regine Kahmann, Max Planck Institute of

Terrestrial Microbiology, Marburg, Germany) or B73 (kindly provided by

Professor Dr Alfons Gierl, Wissenschaftszentrum Weihenstephan, Freising-

Weihenstephan, Germany). Zea mays was grown in a temperature-

controlled glasshouse (14 h/10 h light/dark cycle; 28 8C/20 8C) and used

for infection by U. maydis.

Quantitative real-time PCR

RNA was extracted from sporidia grown in axenic culture and from

infected maize plants at the indicated time points with the TRIzol method

(Invitrogen), treated with DNase (Thermo Fisher Scientific, Waltham, MS,

USA) and subsequently used for cDNA synthesis. Quantitative real-time

PCRs were conducted as described previously (Doehlemann et al., 2008).

All reactions were performed in biological triplicates. Relative apB73

expression levels were calculated in relation to the values obtained for the

constitutively expressed peptidyl-prolyl isomerase gene (ppi) of U. maydis

(Bohlmann, 1996).

Secretion assay

Secretion assay was performed as described by Djamei et al. (2011). In

brief, after filament induction, the cell-free supernatant was precipitated

with trichloroacetic acid (TCA)/Sodium deoxycholate (DOC) and a Western
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blot was performed on the precipitate. Ustilago maydis strain AB33 Pote-

fapB73-HA was generated by insertion of plasmid p123-Potef-ApB73-HA

into the ip locus of AB33 (Brachmann et al., 2001). AB33 cell extracts and

supernatants were used to ensure specificity of the antibodies. Actin

detection served as a lysis control and bands could only be observed for

whole cell extracts. For Western blot analysis, mouse anti-haemagglutinin

(anti-HA) (Sigma-Aldrich, St. Louis, MO, USA) and mouse anti-actin (Invi-

trogen, Waltham, MA, USA) antibodies were used. Assays were carried

out at least three times.

Microscopy

To visualize fungal proliferation in infected tissue, the area 1–3 cm below

the injection site was excised at 2–7 dpi. Fungal hyphae, i.e. chitin, were

stained with wheatgerm agglutinin (WGA) coupled to AlexaFluor488 (Invi-

trogen). Plant cell walls were stained with propidium iodide (Sigma-

Aldrich, St. Louis, MO, USA). Leaf samples were incubated in staining

solution (1 mg/mL propidium iodide, 10 mg/mL WGA-AF488) and observed

with an LSM780 Axio Observer confocal laser scanning microscope (Zeiss,

Jena, Germany) under the following conditions: WGA-AF488, excitation at

488 nm and detection at 500–540 nm; propidium iodide, excitation at

561 nm and detection at 580–660 nm. For fluorescent protein detection,

leaf samples were directly observed by confocal microscopy using the fol-

lowing conditions for mCherry: excitation at 561 nm and detection at

580–630 nm. For plasmolysis experiments, a 1 M mannitol solution was

infiltrated into the leaves and observed 30 min later. All experiments were

carried out at least three times. To measure appressoria formation and

penetration efficiency, infected maize leaves were harvested 18–20 h

post-infection and stained with calcofluor white (10 ng/mL). Calcofluor

white stains fungal hyphae only on the leaf surface as it cannot stain

penetrated hyphae. The appressorial marker used has been described pre-

viously (Mendoza-Mendoza et al., 2009).

Bioinformatic analysis

Gene and protein sequences of U. maydis, S. reilianum and U. hordei

were taken from MIPS Ustilago Maydis Database/MIPS Ustilago Hordei

Database (MUMDB/MUHDB) and MIPS Sporisorium Reilianum Database

(MSRDB) Munich Information Center for Protein Sequences (MIPS),

respectively (https://www.helmholtz-muenchen.de/en/ibis/institute/groups/

fungal-microbial-genomics/resources/ustilaginaceae/index.html). Sequen-

ces of M. pennsylvanicum and P. aphidis were taken from the National

Center for Biotechnology Information (NCBI). Ustilago bromivora sequen-

ces were identified by Sanger sequencing of PCR products obtained with

degenerated U. hordei primers on U. bromivora genomic DNA. Homology

analyses were performed using BLAST (Basic Local Alignment Search Tool).

Homologous amino acid sequences were compared using CLC Main Work-

bench 7 (Qiagen, Hilden, Germany). SP prediction was performed with the

program SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP/).

For disease scoring evaluation, an R-script was used processing the

data as described below. Class counts for each genotype of the three bio-

logical replicates were summarized. Then, for each pair of genotypes, Fish-

er’s exact test was used to evaluate whether the distribution of counts

between classes was significantly different between the genotypes. The

resulting P values were multiple testing corrected by the Benjamini–

Hochberg algorithm (Benjamini and Hochberg, 1995). For figures, the

counts for each genotype and replicate were converted to relative counts.

Error bars depict the standard deviation of the relative counts in the three

replicates. The significance of each genotype in comparison with the

defined reference is indicated by asterisks.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Filament induction on charcoal plates after mating

wild-type strains FB1 and FB2. Ustilago maydis pre-cultures of

the two wild-type strains FB1 and FB2 were grown to an opti-

cal density at 600 nm (OD600) of 1.0 and individually or as a

mixture dropped onto charcoal plates. The two strains, FB1

and FB2, have compatible mating types that allow them to

mate (recognizable by the fuzzy/whiter colony morphology),

whereas strains with the same mating type cannot mate when

mixed together, resulting in no filament formation. The photo-

graph was taken 24 h after dropping. Bar, 0.5 cm.

Fig. S2 Effect of ApB73 on growth under stress conditions.

Growth of Ustilago maydis SG200, SG200DapB73 and

SG200DapB73-Poma-apB73 on media providing different

stresses. First, U. maydis pre-cultures were grown to an optical

density at 600 nm (OD600) of 1.0. Cells were washed in water

and 10-fold serial dilutions were prepared. From each solution,

7 mL were dropped onto the different media. Photographs

were taken 48 h later. Media used from top left to bottom

right: complete medium (CM) agar containing 1 M NaCl; nitrate

minimal medium; CM agar supplied with Congo red (70 mg/

mL); CM agar supplied with calcofluor (45 mg/mL); ammonium

minimal medium; CM agar supplied with 1.5 mM H2O2.

Fig. S3 Appressorial marker induction and penetration effi-

ciency of the apB73 mutant compared with SG200. (a) Repre-

sentative photograph showing the analysed filaments on an

infected maize leaf. For infection, two strains (SG200AM1-RFP

and SG200DapB73-AM1) at an optical density at 600 nm

(OD600) of unity were mixed, infected into maize cv. B73 and

stained with calcofluor white at 18–20 h post-infection.

SG200AM1 cells appear red (red fluorescent protein, RFP) and

blue (calcofluor white stain). SG200AM1 cells, after induction

of the appressorial marker, appear blue/red and green (green

fluorescent protein, GFP). SG200DapB73-AM1 strains appear

blue or green/blue after induction of the appressorial marker.

Bar, 10 mm. (b) Comparison of the induced appressorial marker

in SG200AM1-RFP or SG200DapB73-AM1. Three independent

plants were analysed, as efficiency varies greatly depending on

the analysed area and plant. The experiment was repeated

twice with similar results. (c) Penetration efficiency of the

appressoria formed in SG200AM1-RFP or SG200DapB73-AM1.

Penetrated hyphae expressing cytoplasmic GFP cannot be

stained by calcofluor white, allowing the quantification of the

penetration efficiency (ratio of green vs. blue/green hyphae).

Fig. S4 Spore formation is impaired after infection with

FB1DapB733FB2DapB73 on maize cv. Gaspe Flint. (a) Tassel

phenotype of maize plants cv. Gaspe Flint infected with either

FB13FB2 or FB1DapB733FB2DapB73. Representative tassels

were chosen to illustrate spore development. The photograph

was taken at 18 days post-infection (dpi). White arrows indi-

cate black teliospores. Bar, 1 cm. (b–d) Microscopic analysis of

infected tassels labelled with WGA AlexaFluor488 at 18 dpi.

Bar, 20 mm. (b) Germinating spores observed in tassels infected

with FB13FB2. (c) Tumour tissue without detectable Ustilago

maydis cells observed on tassels of plants infected with

FB1DapB733FB2DapB73. (d) Fungal hyphae of U. maydis on

tassels infected with FB1DapB733FB2DapB73.

Fig. S5 Localization of Pit1-GFP and ApB73-mCherry-HA in

infected maize leaves. Seven-day-old maize seedlings of cv.

B73 were infected with a DapB73 strain co-expressing ApB73-

mCherry-HA and Pit1-GFP under the native ApB73 promoter.

Fluorescence was observed by confocal microscopy at 3 days

post-infection. Bar, 5 lm.

Fig. S6 Microscopy of infected maize leaves showing the

expression and localization of the fusion proteins used. Seven-

day-old maize seedlings of cv. B73 were infected with DapB73

strains expressing ApB7320–709-mCherryHA, Pit21–25-ApB7320–
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709-mCherryHA, ApB73-mCherry-HDEL or ApB731–19-mCherry-

33HA-ApB7320–709233myc under the native ApB73 promoter.

In addition, maize tissues infected with DapB73 strains

expressing ApB73-mCherry-HA under either the pit2 or stp1

promoter are shown. Fluorescence was observed at 5 days

post-infection. Bar, 10 lm.

Fig. S7 Virulence assay using promoters strongly up-regulated

during biotrophy. Disease rating of ApB73 expressed under dif-

ferent promoters in the DapB73 mutant. The mutant was trans-

formed with a construct expressing ApB73-mCherry-HA under

two biotrophy-specific promoters. The promoters used express

the effector genes stp1 and pit2 (Doehlemann et al., 2011;

Schipper, 2009). Seedlings of maize cv. B73 were infected

7 days after germination and scored for symptoms at 12 days

post-infection (dpi). In the top row, photographs of the respec-

tive strains are shown after growth on filamentation-inducing

charcoal plates for 24 h. Disease scores are shown on the

right. The mean values of three independent infections are

depicted and the total number of infected plants is indicated

above the respective columns. The mean and standard devia-

tion of relative counts from replicates are displayed. For clarity,

only positive error bars are shown. P values were calculated by

Fisher’s exact test. Multiple testing correction was performed

using the Benjamini–Hochberg procedure. ****P < 0.0001.

Fig. S8 Amino acid sequence alignment of ApB73 orthologues

from different smuts. Alignment sequences of the full-length

proteins from Ustilago maydis (UmApB73), Ustilago bromivora

(UbApB73), Ustilago hordei (UhApB73), Sporisorium reilianum

(SrApB73), Sporisorium scitamineum (ScApB73), Melanop-

sichium pennsylvanicum (MpApB73) and Pseudozyma aphidis

(PaGApB73) were obtained from public databases. Sequence

alignment was generated by the multiple sequence alignment

program CLUSTAL O in CLC main bench using default parameters.

The colour scheme shows the consensus strength, with red rep-

resenting the highest and blue the lowest values.

Table S1 Primers used in this study.

Table S2 Plasmids used in this study.

Table S3 Ustilago maydis strains used in this study.
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