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PFP1, a Gene Encoding an Epc-N Domain-Containing Protein, Is
Essential for Pathogenicity of the Barley Pathogen Rhynchosporium

commune

Sylvia Siersleben, Daniel Penselin, Claudia Wenzel, Sylvie Albert,* Wolfgang Knogge

Department of Stress and Developmental Biology, Leibniz Institute of Plant Biochemistry, Halle/Saale, Germany

Scald caused by Rhynchosporium commune is an important foliar disease of barley. Insertion mutagenesis of R. commune gener-
ated a nonpathogenic fungal mutant which carries the inserted plasmid in the upstream region of a gene named PFP1. The char-
acteristic feature of the gene product is an Epc-N domain. This motif is also found in homologous proteins shown to be compo-
nents of histone acetyltransferase (HAT) complexes of fungi and animals. Therefore, PFP1 is suggested to be the subunit of a
HAT complex in R. commune with an essential role in the epigenetic control of fungal pathogenicity. Targeted PFP1 disruption
also yielded nonpathogenic mutants which showed wild-type-like growth ex planta, except for the occurrence of hyphal swell-
ings. Complementation of the deletion mutants with the wild-type gene reestablished pathogenicity and suppressed the hyphal
swellings. However, despite wild-type-level PFP1 expression, the complementation mutants did not reach wild-type-level viru-
lence. This indicates that the function of the protein complex and, thus, fungal virulence are influenced by a position-affected

long-range control of PFPI expression.

hynchosporium commune (formerly Rhynchosporium secalis) is

a haploid imperfect fungus causing scald, an important foliar
disease of barley in all growing areas around the world (1-4).
Despite the lack of a sexual stage, the fungus is classified as an
Ascomycete on the basis of nucleotide sequence comparisons (5).
It is characterized by unusual hemibiotrophic (6), entirely inter-
cellular development, which is almost exclusively restricted to the
subcuticular region of host leaves. The disease process begins on
the surface of barley leaves with the formation of germ tubes from
the two-celled conidiospores. After penetrating the cuticle, fre-
quently without the formation of distinct appressoria, the hyphae
spread mainly longitudinally along the leaf. Initially, thin hyphae
with distantly spaced septae grow predominantly in the pectin-
rich layer of the outer epidermis cell walls (7). Later, thick short-
septate hyphae appear, and they eventually form a dense stroma
that supports the formation of new spores (8—11). The typical
disease symptoms, necrotic lesions, occur after a latent period
lasting from a few days up to several weeks, when mesophyll cells
in leaf regions that are heavily colonized by the fungus collapse
(12, 13). Hence, fungal growth in planta can be divided into 4
phases: germination and penetration, early development of thin
hyphae with a very slow gain of fungal biomass, exponential
growth of mainly thick hyphae with a massive increase in biomass,
and late stationary phase with sporulation (13).

The genetic and biochemical basis of pathogenicity is poorly
understood to date. Early reports described the putative involve-
ment of low-molecular-weight toxins (14). Later, a small group of
secreted effector proteins (NIP1, NIP2, NIP3) was identified (15).
No biochemical activity has been able to be attributed to NIP2 to
date, whereas NIP1 and NIP3 have been found to stimulate the
plant plasma membrane-localized H*-ATPase (16). The three
NIP genes show strong expression during the early fungal growth
stage, followed by a decline during the period of rapid fungal
growth, and they contribute quantitatively to fungal virulence
(13). Furthermore, NIP1 was shown to be a dual-function effector
(17): on top of its nonspecific virulence activity, the protein is the
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avirulence factor corresponding to barley resistance gene Rrs! (18,
19). Integrating structural information (20) with results from
binding studies (21) revealed that both functions of NIP1 appear
to be mediated through the same plant membrane-localized
NIP1-binding site, which is most likely not encoded by the resis-
tance gene.

Many fungal plant pathogens have been studied using either
reverse genetics or bioinformatics tools with genomics, transcrip-
tomics, or proteomics data, followed by functional analysis via
gene disruption to learn more about the molecular processes that
control pathogen development on the host. Of particular interest
are pathogenicity genes, which are classically defined as “necessary
for disease development, but not essential for the pathogen to
complete its life cycle in vitro” (22). The products of these genes
are therefore potential targets for fungicides. Disruption of patho-
genicity genes can result in a loss of fungal pathogenicity or a
strong reduction in disease development, which is a less dramatic
outcome. The functions of pathogenicity genes are very diverse
and can be associated with host recognition, formation of infec-
tion structures, penetration of the cuticle and host cell wall, sup-
pression of host defense, nutrient uptake, and further coloniza-
tion of the host (for a review, see references 23 and 24).

Several of the described pathogenicity genes have pleiotropic
effects and do not strictly obey the definition. For instance, C-type
cyclin genes in Fusarium spp. (25, 26) and in Mycosphaerella
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graminicola (27) have important roles in fungal development, sec-
ondary metabolite production, and sporulation, in addition to
their impact on pathogenicity. Furthermore, proteins modulating
chromatin structure have been shown to be involved in control-
ling pathogenicity. The FTLI gene of Fusarium graminearum (28)
and the TIGI gene of Magnaporthe oryzae (29), both of which
encode transducin -like components of a histone deacetylation
(HDAC) complex, are defective in plant infection and conidio-
genesis. Moreover, deletion of the HDCI gene in Cochliobolus car-
bonum, which is related to Saccharomyces cerevisiae HOS2 HDAC,
yielded mutants with reduced penetration efficiency and strongly
reduced virulence (30).

Gene disruption by insertion mutagenesis has been very effec-
tive in investigating fungal pathogenesis (31). Restriction enzyme-
mediated integration (REMI) (32-34) is a method to disrupt
genes by nonhomologous integration of transforming plasmid
DNA (35). Therefore, REMI mutants of R. commune were gener-
ated and screened for the loss of pathogenicity on formerly sus-
ceptible plants. In this study, we describe the identification and
characterization of the PFPI gene encoding a subunit of a histone
acetyltransferase (HAT) complex.

MATERIALS AND METHODS

Fungal and plant culture conditions. Culture of fungal isolate UK7 and
of susceptible barley cultivar ‘Ingrid’ and inoculations was as described
previously (9, 11, 36).

REMI mutagenesis. Fungal protoplasts were isolated as described pre-
viously (36) using a mixture of glucanase (5 mg/ml) and driselase (5
mg/ml; Interspex Products, San Mateo, CA) instead of Novozyme 234 for
cell wall degradation. Plasmid pAN7-1 (37) was linearized using the re-
striction enzyme BamHI or HindIII. Fungal protoplasts were transformed
with 10 pg of prelinearized or circular plasmid DNA in the presence of
BamHI (20 units) or HindIII (50 units) using the polyethylene glycol-
CaCl, technique (36). Individual transformants were transferred twice
onto selective agar plates before being tested for pathogenicity on barley
primary leaves.

Targeted gene disruption. Fungal protoplasts were prepared by incu-
bating homogenized mycelia (36) for 6 h at 29°C on a laboratory shaker
(60 rpm) in a solution of 125 mg of lysing enzymes from Trichoderma
harzianum (Sigma-Aldrich, Steinheim, Germany) in 10 ml of protoplast
buffer. After cellular debris was removed, the protoplast suspension was
adjusted to 5 X 107/ml and used for transformation. Two gene disruption
constructs were generated by PCR-based fusion of a resistance cassette
derived from plasmid pANS8-1 (38) comprising the ble gene from Strep-
toalloteichus hindustanus under the control of the glyceraldehyde-3-phos-
phate dehydrogenase (GPD) gene promoter and the TrpC terminator
from Aspergillus nidulans (39) with the 5 and 3’ regions of the PFPI gene
(40). The constructs combined 1 kb of sequence upstream of the transla-
tion start codon (primers Fusion-primerls and Fusion-primer2as; see
Table S1 and Fig. S1 in the supplemental material) and either 1.1 kb
covering most of exon 2 (primers Fusion-primer3s and Fusion-
primer4as) or 0.9 kb downstream of the translation stop codon (primers
Fusion-primer7s and Fusion-primer8as) with the ble gene (primers Fu-
sion-primer5s and Fusion-primer6as-2). The constructs were amplified
when needed using primer Fusion-primerls in combination with Fusion-
primer4as or Fusion-primer8as, excised from an agarose gel after size
fractionation, and used at a concentration of 20 g per transformation
assay. DNA from all transformants was tested by PCR for the absence of
the PFPI gene (primer combinations PFP3s/PFP2as and PFP27s/Fusion-
primer4as) and for the presence of the ble gene (primers pSS2-ble3s and
pSS2-bledas). Successful deletion was confirmed by a third PCR analysis,
in which the 5" and 3’ integration sites were amplified (primers 5'-Int1s/
5'-Int3s and 5'-Int2as and primers 3'-Int1s/3’-Int3s and 3'-Int4as), and
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by Southern hybridization. Before further characterization, fungal mu-
tants were grown on barley cultivar ‘Ingrid” and reisolated (13).

Complementation of REMI and deletion mutants. For REMI com-
plementation, a 4,902-bp fragment of the PFPI sequence was amplified by
PCR using the primers LB20,,WT16bis and LB205,WT17 and cloned into
the pGEM-T Easy vector (Promega). The complementation vector was
generated by inserting the PFPI-containing EcoRI fragment into plasmid
PANS-1 (which carries a gene for phleomycin resistance). After transfor-
mation, four independent mutants were grown on lima bean agar for
inoculation experiments. For complementation of the deletion mutants, a
2,200-bp hygromycin B resistance cassette from plasmid pAN7-1 and the
5,977-bp PFPI sequence were amplified by PCR using primers GFP-Fus-
HPH1-2s, GFP-Fus-HPH2as, PFP48s, and PFP49as. A complementation
vector was generated by cloning both amplification products into pCR2.1
(Invitrogen). Vectors lacking the PFPI sequence were used as controls.
After transformation of protoplasts from the mutants, the presence of the
transferred PFPI gene was verified via PCR (primers PFP3s and PFP2as).

Pathogenicity assays. Fungal REMI transformants were first sub-
jected to two rounds of a rapid cotton swab assay (41). All mutants that
failed to cause disease symptoms in these preliminary assays were further
grown for spore isolation. Standard spray inoculation (9) was carried out
using 7-day-old plants and 10* to 5 X 10° spores/10 plants for the REMI
mutants and 10> spores/10 plants for the deletion and complementation
mutants. Lesion development was evaluated visually at 2 to 3 weeks post-
inoculation.

Quantification of fungal development. Relative quantification of
fungal biomass in planta was achieved by quantitative PCR (qPCR). By
application of the efficiency calibrated model (42), the GPD gene (primers
GPD-RTs and GPD-RTas) served as the fungal target gene and a gene
encoding a putative member of the high-temperature-requirement A
(HTRA) family of serine proteases (GenBank accession no. AK359241;
primers HO05J24F and HO05J24R) served as the barley reference gene
(13). To quantify fungal growth in liquid culture, fungal cultures were
initiated with 10% or 10* spores in sucrose-supplemented Fries medium
no. 3 (36) in 50-ml Falcon tubes and incubated under mild shaking at
17°C in the dark. After 14 and 21 days, the media were removed by filtra-
tion and the mycelia were lyophilized and weighed. To estimate fungal
growth on solid lima bean agar (11), colonies were initiated with 5,000
conidia on agar-coated microscope slides and grown at 17°C in the dark.
The germination frequencies at 24 and 48 h and the number of germ tubes
at 48 h were counted under a microscope (AxioVision LE; Carl Zeiss
MicroImaging, Jena, Germany) using 3 groups of 100 spores each in 4
biological replicates. In addition, the lengths of 30 to 40 germ tubes after
48 h were measured in each of 4 biological replicates.

Quantification of fungal gene expression. To quantify fungal gene
expression, total RNA was extracted from inoculated barley leaves or from
fungal mycelia grown ex planta either manually (mycelia were ground
with a mortar and pestle) or using a cryogenic grinder (Labman Automa-
tion Ltd., Stokesley, North Yorkshire, United Kingdom). Transcripts of
the PFPI target gene (primers PFP-RTs and PFP-RTas) were quantified
relative to those of the constitutively expressed GPD gene (primers GPD-
RTs and GPD-RTas) by quantitative reverse transcription-PCR (qRT-
PCR) (13, 42). The absence of genomic DNA was routinely tested by
amplifying the GPD gene sequence. Primers GPD-cDNA-test-s and GPD-
cDNA-test-as yielded a product of 861 bp with cDNA and one 0f 1,115 bp
with genomic DNA as the template (see Fig. S2 in the supplemental ma-
terial).

DNA techniques. The regions flanking the plasmid integration site in
the DNA from the REMI mutant were sequenced after (i) PCR walking
using the blunt end-producing restriction enzymes Pvull and EcoRV (43)
and (ii) thermal asymmetric interlaced PCR (TAIL-PCR) (44). To obtain
the cDNA sequence, 5’ rapid amplification of cDNA ends (RACE) and 3’
RACE (45, 46) were carried out using a SMART RACE cDNA amplifica-
tion kit (Clontech Laboratories) according to the manufacturer’s instruc-
tions. For 5" RACE, gene-specific primer PFP21as was used. The 5’ cDNA
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FIG 1 Structure of the PFPI genomic region (5,977 bp) showing the site of pAN7-1 integration. Exons are marked in gray. uORF, upstream open reading frame;

Ps, sense primer PFP-ESTs; Pas, antisense primer PFP23as.

sequence was amplified using nested universal primer A and primer
PFP23as and cloned into plasmid pCR2.1 for sequencing. For 3’ RACE, an
oligo(dT) primer with a gene-specific extension [oligo(dT)-spec] and
primer PFP3s were used for first-strand cDNA synthesis. Nested primer
oligo(dT)-out containing the specific extension of oligo(dT)-spec was
used along with primer PFP19s to generate the second cDNA strand. The
3" ¢cDNA sequence was amplified using primer PFP13s and the nested
primer oligo(dT)-in and cloned in pCR2.1 for sequencing.

Proteome analysis. For proteome analysis, digestion of proteins and
assessment of spectral data were performed as described in reference 47
using a self-made database. Mass spectrometry data were achieved as de-
scribed in reference 47 with a 300-min gradient and as described in refer-
ence 48 with minor changes of the solvent and gradient.

Statistical analysis. All quantitative data were subjected to an un-
paired t test (confidence interval of 95% using GraphPad Prism software,
version 4.0 [49]).

Nucleotide sequence accession number. The PFPI gene has been de-
posited in the GenBank database under accession number KJ410022.

RESULTS

Identification of a nonpathogenic fungal insertion mutant. R.
commune mutants were generated by restriction enzyme-medi-
ated integration (REMI) through transformation of fungal proto-
plasts with plasmid pAN7-1 (37). Of ~1,300 REMI mutants sub-
jected to pathogenicity testing, 21 lost the ability to cause disease
symptoms on barley. To identify the genes affected by the inser-
tion, the DNA sequences flanking the plasmid integration sites
were obtained by PCR walking (43) and by TAIL-PCR (44) of
genomic mutant DNA. In this way, a total sequence of 5,977 bp
was generated for one of the REMI mutants. The plasmid had
integrated into a BamHI site (between nucleotide positions 1255
and 1256) 274 bp upstream of a long putative open reading frame
(ORF) (Fig. 1). Comparison of genomic and cDNA sequences
revealed a gene containing two exons of 2,612 bp (nucleotide po-
sitions 1529 to 4140) and 1,018 bp (nucleotide positions 4186 to
5203) that are interrupted by a 45-bp intron. 3" RACE confirmed
that position 5203, which is followed by three stop codons within
the next 24 bp, constitutes the end of the coding sequence. The
gene was named putative function in pathogenicity 1 (PFPI). In a
preliminary complementation experiment, the REMI mutant was
retransformed with the PFPI gene. Inoculation of a susceptible
barley cultivar with mutant conidia produced symptoms consid-
erably weaker than those produced by wild-type strain UK7, sug-
gesting that the mutants had regained pathogenicity but failed to
express full virulence (see Fig. S3 in the supplemental material).
Plasmid integration had occurred as a perfect REMI event, pre-
serving BamHI sites on both sides of the insertion. However,
Southern analysis using the hph selective marker gene and a
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1,020-bp fragment 5’ of the first exon as probes revealed that two
copies of pAN7-1 had integrated in tandem in a head-to-tail pat-
tern (see Fig. S4 in the supplemental material). Closer inspection
revealed three short ORFs upstream of the PFPI coding sequence.
RT-PCR using primers located at the 5’ end of the distal ORF
(PFP1 EST s) and inside the first exon of PFPI (PFP23as) demon-
strated that the PFP] mRNA contains all three putative upstream
ORFs (uORFs). Interestingly, plasmid integration had occurred at
a BamHI site in the 12-bp overlap between the two proximal
uORFs (Fig. 1).

RT-PCR using primers located upstream of uORF3 (Fusion-
primerls) and at the 3’ end of exon 2 (Fusion-primer4as) dem-
onstrated a wild-type PFP1 mRNA length of >4,600 nucleotides
(see Fig. S2 in the supplemental material). The transcript start site
is not known, but it must be located >430 bp upstream of uORF3.

Characterization of PFP1 gene product. The deduced 1,210-
amino-acid protein showed the highest similarity to hypothetical
PHD finger motif-containing proteins from different fungi. More
detailed analysis of the primary structure revealed the presence of
an Epc-N (enhancer of polycomb N terminus) domain at amino
acid positions 347 to 787 (Fig. 2). This domain was described as a
protein-protein interaction module found in chromatin-associ-
ated proteins, notably, as components of histone acetyltransferase
(HAT) complexes (50). The Epc-N domain is interrupted by a
5-center Zn-binding motif containing a PHD domain, an addi-
tional potentially Zn-binding domain called Zn knuckle, and a
PHD-like motif (PZPM; amino acids 457 to 642). On the basis of
the absence or presence of this motif, Epc-N proteins are grouped
into two families (families 1 and 2), both of which are further
divided into two subfamilies (subfamilies I and IT and subfamilies
III and IV, respectively). The absence of a bromodomain, a pro-
tein module specifically recognizing €-N-acetylation of lysine and
characterizing subfamily III proteins, makes PFP1 a member of
subfamily IV. A putative AT hook, a structural motif found in
many DNA-binding proteins (51), is located between the PFP1 N

Zn knuckle
Epc-N  PHD} PHD-like Epc-N NLS
10 :
R T t pest?

FIG 2 Structure of the PFP1 protein. AT, AT hook (amino acids RPGRP);
Epc-N, Epc-N domain interrupted by PZPM domain; PHD (C4HC3); Zn
knuckle (C2H2); PHD-like domain (C5HC2H); 1, ITa, and IIb, domains I, I1a,
and IIb, respectively; PEST, putative destabilizing motifs; NLS, putative nu-
clear localization signal.
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FIG 3 PFPI expression during development of fungal wild-type strain UK7
on barley cultivar ‘Ingrid’. PFPI expression relative to the expression of the
GPD gene was quantified by qRT-PCR (n = 4). The four phases of fungal
development are indicated at the top. A, germination and penetration; B, for-
mation of thin hyphae; C, rapid growth with thick hyphae; D, stationary phase.

terminus and the Epc-N domain in amino acid positions 235 to
239. Furthermore, the EMBOSS epestfind algorithm located three
putative protein-destabilizing motifs with PEST scores of >+5
(52) near the C terminus in the region from amino acids 1031 to
1173. Finally, a potential nuclear localization signal at the C ter-
minus (amino acids 1197 to 1210) suggests the nuclear localiza-
tion of PFP1.

PFP] expression during pathogenesis. Expression of PFP]
during the growth of fungal wild-type strain UK7 on susceptible
barley cultivar ‘Ingrid” was quantified relative to the constitutive
expression of the fungal glyceraldehyde-3-phosphate dehydroge-
nase (GPD) gene using qRT-PCR (Fig. 3) (42). The latter was
selected as the reference gene on the basis of results from a pre-
liminary experiment, in which the expression profiles of the fun-
gal GPD gene and the ubiquitin and actin genes were compared
during pathogenesis on barley (not shown). Use of the actin gene
was abandoned due to the difficulty with finding primers that
reliably discriminate between the fungal gene and the plant gene.
Ubiquitin gene expression increased drastically after 10 days post-
inoculation (dpi). In contrast, GPD transcript abundance rose
only slightly after 10 dpi. The highest PFPI transcript levels were
found at 0 dpi (less than 1 h after inoculation), followed by a
continuous decrease during the first two stages of fungal develop-
ment in planta and a stable but very low expression from about 6
dpi on.

Generation and phenotypic characterization of a targeted
PFPI deletion mutant. The REMI mutation did not impair the
integrity of the PFPI coding sequence. The presence of an mRNA
comprising the sequences coding for both HPH and PFP1, as ex-
pected by the genomic structure, was shown by RT-PCR using
primers in the hph gene (primers HPH1s and HPH200-f) and at
the 3" end of PFP1 exon 2 (primer Fusion-primer4as; see Fig. S4 in
the supplemental material). This provoked the question whether
plasmid integration into the PFP1 promoter affects PFP1 expres-
sion. Therefore, relative PFPI transcript abundance in fungal my-
celia growing ex planta in liquid medium was quantified by gRT-
PCR (42) using primers in the sequence of exon 2. Relative PFP]
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FIG 4 PFPI expression after 10 days of culture ex planta (n = 4) (A) and at 15
or 21 dpi in planta (n = 4) (B) in wild-type strain UK7, the REMI mutant, the
deletion mutant UK7APFPI (APFPI), and 3 independent UK7APFPI com-
plementation mutants (mutants 55, 132, and 209). *, P < 0.05 compared with
the results for UK7; **, P < 0.01 compared with the results for UK7.

transcript levels turned out to be very low, although they were
8.6-fold higher in the REMI mutant than in wild-type strain UK7
(Fig. 4). It remains to be shown whether the 5" uORFs are of any
regulatory relevance in this context. However, plasmid integra-
tion had occurred such that the hph and PFP1 ORFs are separated
by a stretch of 295 bp containing 8 stop codons and several short
ORFs. It is therefore unlikely that the PFP1 ORF is translated
either as a read-through of the hph gene or by reinitiation of trans-
lation. Despite the occurrence of the PFPI transcript, the REMI
mutant may therefore be a null mutant. However, the very low
PFPI mRNA abundance in the wild type and the REMI mutant,
possibly aggravated by the short half-life of the protein, which is
suggested by the presence of PEST motifs, precluded the detection
of the PFP1 protein in extracts from wild-type and mutant mycelia
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FIG 5 Disease phenotype on barley cultivar ‘Ingrid’ of fungal wild-type strain
UK?7, deletion mutant UK7APFPI (APFP1), and 3 UK7APFPI complementa-
tion mutants (mutants 55, 132, and 209). C, noninoculated control leaf.

by liquid chromatography/mass spectrometry (LC/MS)-based
analysis.

For further functional analysis, deletion mutants were gener-
ated by targeted disruption of the PFPI coding sequence. To this
end, two gene constructs that contained the phleomycin resistance
cassette between 5’ and 3’ genomic fragments flanking either exon
1 or the entire PFPI coding sequence were amplified by fusion
PCR (40). Transformation of fungal protoplasts from strain UK7
using these constructs yielded two exon 1 deletion mutants,
UK7APFPI-ex1.1 and UK7APFPI-exl1.2, and one total deletion
mutant, UK7APFP]I. The latter mutant, which failed to accumu-
late the PFP1I transcript (Fig. 4A) and, hence, is a true null mutant,
was used in all following experiments. In addition, some experi-
ments were carried out using the partial deletion mutants.

Inoculation of susceptible barley cultivar ‘Ingrid’ with spores
of deletion mutant UK7APFPI resulted in a strongly attenuated
disease phenotype compared to that of wild-type strain UK7. Ne-
crotic areas remained very small and mostly restricted to the leaf
margins (Fig. 5; see also Fig. S5 in the supplemental material). This
phenotype was also observed with the exon 1 deletion mutants
UK7APFPI1-ex1.1 and UK7APFPI-ex1.2 (not shown). In addi-
tion, microscopic analysis revealed that the mutant mycelia devel-
oped much slower than wild-type mycelia and failed to produce
the typical stroma (Fig. 6). As a consequence, at 21 dpi wild-type
strain UK7 had generated >20 times more biomass than the de-
letion mutant, UK7APFP]I (Fig. 7).

When grown ex planta in liquid medium, germ tube formation
and early hyphal development were delayed in the mutant com-
pared to the times of germ tube formation and early hyphal devel-
opment for the wild type. Nevertheless, after 21 days of liquid
culture, the dry weights of mutant and wild-type mycelia did not
deviate substantially (Fig. 8). When grown on agar, the germina-
tion frequency of the mutant was slightly but significantly reduced
at24 h (20 to 30%) and at 48 h (5 to 12%) compared to that of the
wild type. Mutant spores formed about two germ tubes within 48
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FIG 6 Development of fungal mycelia in planta. At 7, 14, and 21 dpi, infected
leaves were harvested and stained with trypan blue and fungal structures were
analyzed under a microscope. Wild-type strain UK7 grows normally and es-
tablishes a dense subcuticular stroma. In contrast, the deletion mutant APFP1
can be found in only a very few small lesions, where the fungus starts to develop
thick, short-septate hyphae only very late upon inoculation. The complemen-
tation mutant 132 also grows slower than the wild type but succeeds with the
production of many more symptoms than the deletion mutant. Bars = 50 pum.

h, whereas wild-type spores formed an average of about four. At
48 h, the germ tubes were about 40% shorter in the mutant than in
the wild type (not shown). Nevertheless, after 20 days of culture,
mutant and wild-type mycelia covered comparable areas on agar.
However, the mycelia differed in their morphology, with the wild-
type mycelia appearing very uniform, whereas mutant mycelia
were inhomogeneous, with single colonies of very different sizes
being seen (Fig. 8). The most notable characteristic of the mutant
when grown both in liquid culture and on lima bean agar was the
formation of chlamydospore-like structures/hyphal swellings,
which never occurred in cultures of wild-type strain UK7 (Fig. 9).

Complementation of PFPI deletion. To verify the causal rela-
tionship between the loss of PFPI and the observed loss of patho-
genicity or very low virulence in planta as well as the slightly ab-
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FIG 7 Fungal growth in planta. Fungal biomass was quantified by qPCR via
amplification of the GPD gene and compared to that obtained via amplifica-
tion of a plant HTRA-like protease gene. Due to the differences in growth of
the complementation mutants, DNA was isolated 15 and 21 dpi of barley
cultivar ‘Ingrid’ (n = 4). ***, P < 0.00101 compared with the results for UK7;
**, P < 0.0101 compared with the results for UK7; *, P < 0.0501 compared
with the results for UK7.
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FIG 8 Fungal mycelia growing ex planta. The colonies (diameter, ~13 mm) of
wild-type UK7, the PFPI deletion mutant, and complementation mutants 55,
132, and 209 looked similar after growing for 21 days on lima bean agar. When
grown for 21 days in liquid culture, the fungal dry masses did not differ sub-
stantially (n = 3). P values were as follows: for APFPI, 0.1161; for mutant 55,
0.5908; for mutant 132, 0.1161; and for mutant 209, 0.2879.

errant fungal development ex planta, the deletion mutants were
retransformed with the complete original 5,977-bp PFPI genomic
fragment. For each of the deletion mutants, three independent
complementation mutants were selected, grown on lima bean
agar plates, and inoculated onto and reisolated from primary
leaves of barley cultivar ‘Ingrid’ for further analysis.

When the ex planta development of the three UK7APFP1 com-
plementation mutants (mutants 55, 132, and 209) was compared
to that of wild-type strain UK7 and that of mutant UK7APFPI, no
significant morphological differences occurred during growth in
liquid culture. The biomass of the mutants tended to be somewhat
higher than that of the wild type (Fig. 8). However, the chlamy-
dospore-like structures produced by the deletion mutants could
no longer be observed in the complementation mutants (Fig. 9).
The PFPI mRNA abundance in the mutants growing ex planta was
similar to that of wild-type strain UK7 (Fig. 4). Again, the PFP1
protein could not be detected by LC/MS analysis.

When inoculated onto barley leaves, all complementation mu-
tants showed pathogenicity. However, symptom development
and, as shown for the three UK7APFPI complementation mu-
tants, fungal biomass in planta did not reach wild-type levels. Both
varied consistently, with mutant 132 producing both the most
expanded lesions and the highest biomass (Fig. 5 and 7). In con-
trast, the level of PFPI expression in the three complementation
mutants was the same as that in the wild type (Fig. 4). These results
suggest that retransformation of the deletion mutant with the
PFP1 gene partially reestablished the wild-type growth phenotype
in planta. Furthermore, these data confirm the results from the
preliminary REMI complementation. The mutants generated by
transforming the REMI mutant with the PFPI sequence also re-
gained pathogenicity without expressing full virulence (see Fig. S3
in the supplemental material). Fungal ex planta development was
not substantially affected by the PFPI gene, except for the occur-
rence of the chlamydospore-like structures/hyphal swellings in
the absence of the gene (Fig. 9).

DISCUSSION

Insertion mutagenesis of R. commune led to the identification of
the PFPI gene, which is highly expressed during the early devel-
opment of R. commune on its host plant, barley. Fungal pathogen-
esis is characterized by 4 phases: (i) germination and penetration
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APFP1 |

APFP1-ex1.1

FIG 9 Morphological mutant phenotype. Chlamydospore-like structures/hy-
phal swellings were found only in the REMI (B) and the PFPI and PFPI-exon
1 deletion mutants (C to E, arrows) and not in wild-type strains UK7 (A) or the
corresponding complementation mutants (F to I; G, mutant 132). For micros-
copy of fungal mycelia in liquid medium, 5 X 10° conidia were added to 2 ml
of sucrose-supplemented Fries medium no. 3 using a Lab-Tek chamber slide
system (Nalge Nunc International). After 24 or 48 h, the liquid medium and
the chambers were removed and a coverslip was added. Bars = 50 pwm.

(phase A), (ii) leaf colonization by the formation and spread of
thin hyphae (phase B), (iii) rapid growth and multiplication of
fungal biomass through thick hyphae (phase C), and (iv) forma-
tion of a dense stroma and sporulation (phase D) (cf. Fig. 3). It can
take one to several weeks postinoculation until disease symptoms
start to occur during phase C. Due to this long period of symp-
tomless development, the fungus is now classified as a hemi-
biotroph. Most likely, all developmental phases are characterized
by the expression of sets of specific genes. For instance, the abun-
dance of mRNA of effector genes, such as NIPI, NIP2, and NIP3,
runs through a maximum during phase B, thereby reaching values
substantially higher than the value for PFPI mRNA (13). In con-
trast, the PFPI transcript level is already high at 0 dpi (i.e., it is
probably already in the spores prior to inoculation) and drops
drastically to a constant level until 6 dpi. Effectors are mainly
required in the stage when the fungus makes itself at home in the
host leaves. In contrast, genes expressed very early are probably
needed for penetration and the first steps inside the host tissue. In
this context, PFP1 can be expected, on the one hand, to control the
genes required during early pathogenesis. On the other hand, the
low but constant mRNA level during later stages suggests an ad-
ditional function during late fungal growth as well. This is sup-
ported by the observation that the PFPI deletion mutant not only
shows a reduced penetration frequency (biotrophic stage) com-
pared to that of the wild type but also its mycelia subsequently
show slower growth than wild-type mycelia.

The most prominent structural feature of the PFPI gene prod-
uct is an Epc-N domain, which is named after the N terminus of
the protein encoded by the enhancer of polycomb E (Pc) gene in
Drosophila (53). This domain, consisting of a PHD motif, a Zn-
binding domain, and a PHD-like domain, is described as a pro-
tein-protein interaction module found in subunits of large pro-
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TABLE 1 PHD amino acid sequence comparison

Identity (%) with:

Protein domain® PFP1 NTO1 BRPF1° BRPF2’ BRPF3 JADE-1 JADE-2 JADE-3
PFP1Y 66 70 70 66 50 46 52
NTO1"Y 78 56 54 58 54 48 56
BRPF1'" 90 74 96 86 50 50 50
BRPF2™! 86 74 96 86 64 50 50
BRPF3™ 82 74 90 92 50 50 52
JADE-1'Y 66 66 68 68 64 92 82
JADE-2YY 64 64 66 66 62 98 82
JADE-3" 64 68 68 68 64 96 94

@ Alternative names, BR140 and peregrin.
b Alternative names, BRD1 and BRL.

¢ Roman numerals indicate Epc-N classes. Proteins belonging to mainly histone 3-acetylating HAT complexes are indicated in boldface. GenBank accession numbers are as follows:
NTO1, NP_015356; BRPF1, NP_001003694; BRPF2, XP_005261529; BRPF3, AAI17388; JADE-1, NP_955352; JADE-2, XP_005272000; and JADE-3, NP_055550. Sequences were
aligned pairwise using the matrix BLOSUMS62 of the European Molecular Biology Open Source Software Suite (http://www.ebi.ac.uk/tools/psa/emboss_needle/).

tein complexes. It is conserved across eukaryotes and is predicted
to form a right-handed orthogonal four-helix bundle with
B-strands at both termini (50). On the basis of the presence of
additional structural features, two major Epc-N families, each
consisting of two subfamilies, were identified. Several Epc-N-con-
taining proteins have been shown to be involved in epigenetic
events as components of histone acetyltransferase (HAT) com-
plexes. PFP1 belongs to Epc-N subfamily IV, which also contains
yeast NTO1 and human JADE-1/2/3 proteins (50).

The PHD motif has been identified to regulate chromatin
structure and dynamics in a wide variety of eukaryotic proteins.
Also in yeast and filamentous fungi, dozens of PHD-containing
proteins with similarity to PFP1 are present. A function has not yet
been demonstrated for most of these proteins. However, a few
were presumed to be subunits of HAT complexes. In addition,
several HAT complex components were found among the better-
characterized Epc-N proteins. Particularly well studied are the
yeast protein NTO1 and the human proteins JADE-1/2/3 belong-
ing to Epc-N subfamily IV (50). These proteins are scaffold sub-
units. Together with a catalytic subunit and one or more associ-
ated proteins, such as members of the PHD-containing ING (in
yeast, YNG) protein family, which bind to lysine 4-methylated
histone (54, 55), they form the core of HAT complexes. NTO1 has
this function in the yeast NuA3 histone H3 complex, whereas the
JADE-1/2/3 proteins are the human NTO1 homologs in the
HBOI1 complex acetylating histone H4 (TIP60 H4/H2A HAT
complex) (56). The human histone H3-acetylating HAT complex,
MOZ/MOREF, contains the proteins BRPF1/2/3 (57). These
proteins belong to Epc-N subfamily I1I, which is absent from
the Ascomycota. It is characterized by two additional structural
features, a bromodomain recognizing acetylated lysine and a
domain consisting of the amino acid sequence PWWP that
recognizes the methylated lysine of histones (50, 58). In con-
trast, EPL1, the scaffold subunit of the yeast histone H4 HAT
complex, Piccolo NuA4, belongs to Epc-N subfamily II, which
lacks the PZPM domain.

Notwithstanding their low overall similarities (see Table S2A
in the supplemental material), the amino acid sequences of PFP1,
BRPF1/2/3, NTOI1, and JADE-1/2/3 are highly homologous in
their PHD regions (Table 1) and Zn-knuckle/PHD-like regions
(see Tables S2B and C in the supplemental material). Further-
more, PFP1 contains the conserved domains I, ITa, and IIb (Fig. 2),

1032 ec.asm.org

which were described for NTO1 and EPL1 as well as for the JADE
and BRPF proteins (56). Domain I covers the predicted N-termi-
nal B-sheets and helices 1 and 2 of the Epc-N domain, while do-
main ITa comprises helix 4 and the C-terminal sheet. Domain IIb
lies immediately outside the Epc-N domain. For JADE-1 it was
shown that it coordinates HAT complex assembly by interacting
through domain I with the catalytic subdomain HBO1 and
through domain IIb with the ING protein. The respective interac-
tions were confirmed with domains Iand IT of EPL1 from the HAT
complex Piccolo NuA4 (56). The high homology of the PFP1
domains with the domains of NTO1, BRPF1, and JADE-1 pro-
vides strong evidence for a HAT function of PFP1. The protein
may be required as the platform for assembly of a histone H3
HAT complex, analogous to the role of NTO1 and BRPF pro-
teins in the histone H3-targeting complexes NuA3 (yeast) and
MOZ/MORF (human) (57) and of EPL1 and JADE-1 in the
histone H4-targeting complexes Piccolo NuA4 (yeast) and
HBO1 (human), respectively. The high level of consensus
found with the NTO1 and the BRPF proteins suggests a scaffold
role of PFP1 in the formation of an active HAT complex tar-
geting histone H3 in R. commune.

The Epc-N domain-containing proteins play important roles
in epigenetic processes. Nevertheless, members of Epc-N subfam-
ily IV appear to have nonessential, rather specialized functions
(50). Furthermore, loss of histone H3 acetylation in most cases
does not cause severe phenotypes. In yeast, for instance, a knock-
out of EPLI (Epc-N subclass II, histone H4 HAT complex) is
homozygous lethal, whereas yeasts with an NTOI knockout
(Epc-N subclass IV, histone H3 HAT complex) are viable.

In R. commune, the PFP1 deletion mutant is viable. Ex planta,
i.e., on agar and in liquid medium, mycelial development is de-
layed during the first few days, but it does not deviate from the
development of wild-type mycelia at later stages. Hyphal mor-
phology is wild type-like, except for the occurrence of chlamy-
dospore-like structures/hyphal swellings. Similar swellings were
described previously for fungal mycelia grown in the presence of
gramine and were interpreted as a stress response (11). In contrast
to the only minor growth deviation observed ex planta, the dele-
tion mutant differs drastically from the wild type in planta. Few
small fungal mycelia that caused only minor disease symptoms
were detected in inoculated host leaves.

Modulation of the chromatin structure by posttranscriptional
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modification of histones is essential for establishing and maintain-
ing distinct states of gene transcription during development and
differentiation of an organism. In this context, HAT-mediated
histone acetylation is generally associated with increased DNA
accessibility, active transcription, and histone deacetylation by
HDAC:s with suppression of gene expression (59). The opposing
activities of HATs and HDACs need to be tightly regulated be-
cause inactivation of either of them will cause a strong shift in
histone acetylation, thereby distorting proper gene regulation. A
few previous studies on different fungi suggest that this global
mechanism can be utilized in regulating pathogenesis.

The HDCI gene of the maize pathogen Cochliobolus carbonum
is related to the yeast HDAC gene HOS2 (30). Due to reduced
penetration efficiency, disruption mutants were strongly reduced
in virulence, whereas growth ex planta was normal on glucose,
slightly reduced on sucrose, and strongly affected on other differ-
ent media. The FTLI gene of the wheat and barley pathogen Fus-
arium graminearum is homologous to the yeast gene SIF2, which
encodes a transducin-B-like component of the HDAC complex
Set3 (28). A deletion mutant showed a slightly reduced growth
rate ex planta but strongly reduced virulence in planta by failing to
normally colonize the host and to cause typical disease symptoms.
In addition, conidiation was strongly reduced. The FTLI homolog
TIGI of the rice pathogen Magnaporthe oryzae was shown to be a
component of an HDAC complex that also comprises Set3, Hos2,
and Sntl (29). A deletion mutant showed defective plant infec-
tion, reduced conidiation, and abnormal conidium morphology
but only slightly reduced growth ex planta. Disruption of the other
three genes in M. oryzae as well as of their homologs in F.
graminearum resulted in similarly nonpathogenic mutants. This
suggests that the HDAC complex is crucial for allowing invasive
growth of the respective wild-type fungi, supposedly by histone
deacetylation-mediated simultaneous repression of a large num-
ber of genes.

If the PFPI gene of R. commune is part of the opposing beam of
the histone acetylation balance, disruption of the PFP1-associated
HAT complex may cause strongly reduced virulence of the mutant
through increased histone deacetylation. This suggests that in the
fungal wild type the protein complex that includes PFP1 may be
required for maintaining the expression of a group of fungal genes
essential for pathogenesis. The HAT/HDAC system may therefore
form a switch which controls fungal differentiation toward inva-
sion and pathogenicity. This differentiation switch needs to be
activated early during fungal development on the plant, which is
in agreement with the very early expression of the PFP1 gene dur-
ing pathogenesis, with the highest mRNA abundance already be-
ing detected immediately after inoculation. Switching precision
may be further augmented by a rapid turnover of the PFP1 pro-
tein, as suggested by the presence of three putative PEST domains
near the C terminus. Interestingly, this type of motif is also found
in the proteins JADE-1/2/3 (60) and in BRPF1 and BRPF2 (not
shown). However, PFP1 turnover rates remain to be shown in
future studies.

Many HATs/HDACs have a wide range of nonhistone protein
substrates, such as transcription factors (61). Therefore, the pos-
sibility that instead of a general histone acetylation effect more
specific nonhistone acetylation may alternatively be responsible
for controlling fungal pathogenicity cannot be excluded. Further-
more, transformation of the PFPI deletion mutant with the wild-
type PFP1 fragment reestablished pathogenicity and abolished the
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formation of chlamydospore-like structures. Unexpectedly, how-
ever, the complementation mutants failed to exert full virulence,
although PFPI transcription reached the wild-type level during
growth ex planta as well as in planta. This observation suggests an
additional regulatory principle that is involved in controlling
PFP1 activity during fungal growth in planta. Due to the nonho-
mologous integration of the PFPI wild-type gene at different
genomic sites, some kind of position-affected long-range control
of gene expression may go awry in the complementation mutants.
This has been observed for a number of regulator genes which
control defined developmental stages in higher organisms (62).
Future experiments need to show whether enhancer or repressor
elements outside the PFPI transcription unit are involved in con-
trolling correct gene expression during R. commune differentia-
tion.
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