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Plant pathogens have the capacity to manipulate the host im-
mune system through the secretion of effectors. We identified
27 putative effector proteins encoded in the genome of the
maize anthracnose pathogen Colletotrichum graminicola that
are likely to target the host’s nucleus, as they simultaneously
contain sequence signatures for secretion and nuclear locali-
zation. We functionally characterized one protein, identified as
CgEP1. This protein is synthesized during the early stages of
disease development and is necessary for anthracnose devel-
opment in maize leaves, stems, and roots. Genetic, molecular,
and biochemical studies confirmed that this effector targets the
host’s nucleus and defines a novel class of double-stranded
DNA-binding protein. We show that CgEP1 arose from a gene
duplication in an ancestor of a lineage of monocot-infecting
Colletotrichum spp. and has undergone an intense evolution
process, with evidence for episodes of positive selection. We
detected CgEP1 homologs in several species of a grass-infecting
lineage of Colletotrichum spp., suggesting that its function may
be conserved across a large number of anthracnose pathogens.
Our results demonstrate that effectors targeted to the host
nucleus may be key elements for disease development and aid
in the understanding of the genetic basis of anthracnose de-
velopment in maize plants.

Colletotrichum is a large genus of Ascomycete fungi that
infect a wide variety of plants, including important crop plants
such as maize, wheat, sorghum, and soybean (Bailey and Jeger
1992; Prusky et al. 2000). Many Colletotrichum species infect
plants by means of an intracellular hemibiotrophic lifestyle in
which biotrophic hyphae penetrate the plant cell wall and

grow between the cell wall and the plasma membrane
without breaching the membrane. Later, the biotrophic hy-
phae give rise to necrotrophic hyphae that kill plant cells,
probably through the release of toxins and lytic enzymes
(Bergstrom and Nicholson 1999; Gan et al. 2013; O’Connell
et al. 2012).
Maize anthracnose is caused by Colletotrichum graminicola,

which is a model for hemibiotrophic plant pathogens
(Bergstrom and Nicholson 1981; Crouch and Beirn 2009;
Perfect et al. 1999). The infection process begins when spores
germinate on the epidermis and form dome-shaped appressoria
that enter the plant cells, using a combination of mechanical
force and the highly regulated secretion of degradative enzymes
that are implicated in the weakening of the plant cell wall
(Kleemann et al. 2008; O’Connell et al. 2012). After appres-
sorium formation, the penetration of the epidermal cells is
achieved by the development of a thin penetration peg that later
gives rise to the characteristic primary hyphae (Mims and
Vaillancourt 2002; Politis and Wheeler 1972). Inside the host’s
cells, this irregularly shaped primary hypha grows bio-
trophically and can form one or more branches spreading to
adjacent cells. This stage of infection is referred to as the
biotrophic phase, since the penetrated host cells remain alive.
The enlarged surface area between the host membrane and the
fungus favors the exchange of molecules that allow fungal growth
and counteract the plant immune system (Micali et al. 2011;
O’Connell et al. 2012; Panstruga 2003; Perfect and Green 2001).
In general, the establishment of intracellular biotrophy by

fungal pathogens requires the deployment of an arsenal of ef-
fectors that interfere with the normal physiological processes of
the host cell, especially immune responses (Irieda et al. 2014;
Kleemann et al. 2012; Rivas and Genin 2011). When a pathogenic
microorganism attacks, the plant immune system is activated by
the recognition of microbial molecules called pathogen-associated
molecular patterns (PAMPs) through pattern-recognition receptors
in plant cells (Jones and Dangl 2006). This mechanism for
microbial recognition represents the plant’s basal defense and is
responsible for PAMP-triggered immunity (PTI) in plants. To
counteract plant immunity, pathogens have evolved specialized
effector proteins that are delivered into the host cells to sup-
press plant defenses and elicit effector-triggered susceptibility
(ETS). Alternatively, in some cases, plants developed proteins
for recognition of effectors (such as nucleotide binding–leucine-
rich repeat proteins) that activate effector-triggered immu-
nity, an amplified version of PTI, that prevents pathogenic
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infection (Jones and Dangl 2006). The study of microbial
effector proteins has become an active field of research to
better understand the plant immune system and the molecular
mechanisms triggered in the host cells during the early stages of
plant microbe interactions.
In hemibiotrophic fungi, the biotrophic hypha has been shown

to be important for the release of effector proteins into plant
cells during early stages of host infection (Irieda et al. 2014;
Khang et al. 2010; Kleemann et al. 2012; Yi and Valent 2013).
In general terms, effectors are defined as “molecules secreted
by plant-associated organisms that alter host-cell structure and
function” (Hogenhout et al. 2009). Our knowledge of the role of
fungal effectors during plant infection is still limited. Recent
reports have revealed that effector proteins are delivered into the
host cells and, then, travel to various subcellular compartments,
such as mitochondria, chloroplasts, nuclei, nucleoli, and other
intracellular bodies (Petre et al. 2015; Win et al. 2012). There
are several examples of effectors characterized in sufficient
detail to the point that we have knowledge of their translocation
and function in host cells (Irieda et al. 2014; Khang et al. 2010;
Mentlak et al. 2012). Colletotrichum gloeosporioides CgDN3 is
the first protein identified in a phytopathogenic fungus that
suppresses host defense responses (Stephenson et al. 2000). The
protein is weakly similar to the extracellular domain of a family
of plant cell-wall receptor kinases and is localized to biotrophic
intracellular infection vesicles in infected host cells. Null mu-
tants form conidia, which produce appressoria on intact host
surfaces, but further growth is limited to the formation of in-
tracellular primary vesicles. However, wounded leaf surfaces
are colonized necrotrophically by these mutants. These results
suggest the involvement of CgDN3 in the formation and
maintenance of biotrophic hyphae within cells of compatible
Stylosanthes guianensis leaves colonized by C. gloeosporioides.
Effector proteins from plant-pathogenic viruses, bacteria, and

nematodes are known to be localized to the plant nucleus, in
which they target plant components that are needed for defense
responses (Rivas and Genin 2011). Phytopathogenic fungi also
have been shown to deliver effectors to the plant nucleus
(Kemen, et al. 2005; Petre et al. 2015, Redkar et al. in press). The
UfRTP1 gene from Uromyces fabae encodes a protein that is
predicted to contain a nuclear localization signal (NLS), and
immunolocalization studies showed that it is translocated into
the nuclei and cytoplasm of infected host cells (Kemen et al.
2005). This protein is a member of a conserved family of cys-
teine protease inhibitors (Pretsch et al. 2013). It is the first
fungal protein that has been shown to be secreted from the
fungus and localized to the plant nucleus. In addition to their
role in plant pathogenic fungi, nuclear effectors were also shown
to be important for symbiotic associations in root-mycorrhiza
interactions (Kloppholz et al. 2011; Plett et al. 2011).
To better understand the number and diversity of nuclear

effectors in the maize anthracnose fungus Colletotrichum
graminicola, we conducted an in silico study and identified
27 candidate effector proteins likely to target the host nu-
cleus, as they have both a signal peptide for secretion and a
NLS. We characterized one candidate through phylogenetic
and functional assays. We show that this effector likely arose
from a gene duplication event in the common ancestor of a
grass-infecting clade of Colletotrichum spp., and then, un-
derwent rapid evolutionary remodeling, including the for-
mation of intragenic tandem repeats (ITR) that contain NLS.
Genetic, molecular, and biochemical studies confirmed that
CgEP1 is essential for host invasion and disease development
and defines a novel class of DNA-binding proteins that target
host genomic DNA and may be involved in regulatory
processes preventing host-defensive responses against plant
pathogens.

RESULTS

Identification of putative nuclear effectors
in C. graminicola.
Host nuclear effector proteins are characterized by the

simultaneous presence of secretion signals (SS) and NLS
(Bellafiore et al. 2008; Rivas and Genin 2011). Therefore, we
searched the C. graminicola genome for proteins that contain a
secretion signal peptide, using SignalP, and identified 1,347
putative extracellular proteins. The signal peptide was removed
from the protein sequence, using SignalP, and the mature pro-
teins were scanned with NLStradamous and Wolf-PSORT,
which identified 91 and 164 proteins, respectively, that contain
putative NLS. A total of 27 proteins were predicted to have
NLS by both programs (Table 1).
Four of the predicted nuclear effector proteins are species-

specific, as they have no significant sequence similarity to
proteins from other species of fungi (Table 1). Among the
predicted nuclear effectors with conserved domains, we found
enzymes with varying functions, such as protein kinases, pro-
teases, chaperone-like proteins, glycosidases, and a homolog to
necrosis-inducing proteins. While the functional characteriza-
tion and subcellular localization of these putative effectors re-
mains to be confirmed, these results suggest that many of the
proteins produced by these fungi have the potential to reach the
host nucleus and modify important cellular processes, such as
protein turnover and pathogenesis-related signal transduction
events. Sixteen (59%) are hypothetical proteins with unknown
function and no conserved functional domains (Table 1). Nine
of the proteins have an isoelectric point higher than 9, similar to
many proteins with nuclear functions and nucleic acid inter-
actions, such as histones and other regulatory proteins (Brusch
2012; Marian et al. 2003; Thomas and Travers 2001) (Table 1).
We performed a BLAST search of the 27 candidate nuclear

effectors in the Pathogen-Host Interactions Database (PHI-
Base), to determine whether any of the proteins have similarity
to effectors identified in other organisms. Four proteins have
significant similarities to entries in the database. Protein
GLRG_00260 is a homolog of MoCDIP4 (E = 8.46e-45), a
glycoside hydrolase fromMagnaporthe oryzae, which has been
reported to be an effector that induces cell death in rice (Chen
et al. 2013). Protein GLRG_02846 is homologous toMGG_01748
an aspartic protease fromM. oryzae (E = 1.23e-129), a null mutant
of which has reduced virulence (Jeon et al. 2007). GLRG_05523
is homologous to NPP1 (E = 7.24e-26), an effector from Hyalo-
peronospora arabidopsidis (Fellbrich et al. 2002). The last protein
with matches in PHI-Base is GLRG_10691. This protein is ho-
mologous to Fusarium graminearum FGSC_12132 (E = 0), a
protein kinase that is lethal when deleted (Wang et al. 2011).
One putative nuclear effector, GLRG_04079, contains no

conserved domains and is composed of almost perfect ITR,
with each repeat consisting of a basic (Lys-rich) and acidic
(Asp/Glu-rich) region (Fig. 1). Proteins with ITR are known to
play roles in the activation of immune responses in animals and
may have similar roles in plant pathogens (Hood et al. 1996;
Rich and Ayala 2000). Therefore, we selected GLRG_04079
for further study. Interestingly, two previously described ef-
fector proteins, Ecp6 from Cladosporium fulvum (Bolton et al.
2008) and SP7 from Glomus intraradices (Kloppholz et al.
2011), also contain ITR. The ITR sequences in GLRG_04079
bear no similarity to the repetitive domains in Ecp6 or SP7,
suggesting independent origins of the genes. Also, the protein
encoded by GLRG_04079 has a predicted isoelectric point
(9.5) similar to histones and other DNA-binding proteins from
maize (Brusch 2012; Marian et al. 2003). Previous tran-
scriptomic analyses revealed that GLRG_04079 is expressed
during early stages of maize infection, suggesting that it has an
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important role during the infection process (O’Connell et al.
2012). We named this putative effector CgEP1 (Colletotrichum
graminicola effector protein 1).

Diversity, allelic variations, and adaptive evolution
of CgEP1 in Colletotrichum species.
The deduced amino acid sequence for CgEP1 shows that it is

a highly basic protein that, based on BLAST searches of the
GenBank nr database, is unique to C. graminicola. The coding
region of CgEP1 was cloned and sequenced from 16 isolates of
C. graminicola (collected in North and South America, Africa,
Europe, and Asia) as well as from representative isolates of
other Colletotrichum species (Supplementary Table S1). In the
16 isolates of C. graminicola, CgEP1 occurs in three main
allelic forms (A, B, and C), which differ in the number of repeat
units (Fig. 1) and are present as a single-copy gene, as dem-
onstrated by Southern blot analysis (Supplementary Fig. S1).
Further cloning and sequencing confirmed that CgEP1 is highly
conserved in Colletotrichum spp. belonging to the Graminicola
clade, which is comprised of species that infect monocot plants
(C. sublineola, C. falcatum, C. cereale, C. echinochloae, and

C. navitas, pathogens of sorghum, sugar cane, wheat, barnyard
millet, and prairie grasses, respectively) (Crouch and Beirn
2009). Polymerase chain reaction (PCR) amplification and se-
quencing of the CgEP1 orthologs from C. sublineola, C. falcatum,
and C. cereale revealed that the loci are nearly identical at the
DNA level. For example, the C. cereale locus has 98.5% sim-
ilarity to the C. graminicola locus (not shown). In contrast,
CgEP1 is not present in the genomes of C. higginsianum,
C. orbiculare, C. gloeosporioides, C. simmondsii, or C. fioriniae.
This result was further confirmed with Southern blot experi-
ments that included DNA samples from species outside the
Graminicola clade (C. lindemuthianum, C. boninense, and
C. coccodes).
Based on sequence analyses of the allelic variations, we hy-

pothesize that CgEP1 has undergone rapid evolution and an in-
tense selective pressure that likely led to duplications of complete
repeats and specific amino acid substitutions (Supplementary Fig.
S3). Traces of adaptive evolution were evident in the same codon
within each repeat (Fig. 1; Supplementary Fig. S4; Supplemen-
tary Table S2). These residues may be crucial for CgEP1-target
binding or recognition and, thus, relevant for the arms race

Table 1. Colletotrichum graminicola proteins with predicted secretion and nuclear localization signals

Gene ID Description AA Ip InterProScan

GLRG_00260 Fungal cellulose binding domain–containing protein 300 9.57 Glycoside hydrolase family 61
GLRG_00965a Hypothetical protein 241 10.88 No InterProScan Results
GLRG_01283 Hypothetical protein 431 9.97 No InterProScan Results
GLRG_02481 Hypothetical protein 62 11.30 No InterProScan Results
GLRG_02617 Hypothetical protein 228 4.62 No InterProScan Results
GLRG_02846 Eukaryotic aspartyl protease 829 4.73 Peptidase A1
GLRG_03517 Hypothetical protein 351 6.67 No InterProScan Results
GLRG_03901 Hypothetical protein 369 9.06 No InterProScan Results
GLRG_04079a Hypothetical protein 328 10.52 No InterProScan Results
GLRG_05523 Necrosis inducing protein 359 5.98 Necrosis inducing protein
GLRG_05544 Hypothetical protein 165 10.74 No InterProScan Results
GLRG_06153 Hypothetical protein 425 7.08 No InterProScan Results
GLRG_06254 Hypothetical protein 487 10.98 No InterProScan Results
GLRG_06454 DnaJ domain-containing protein 400 10.04 Heat shock protein DnaJ, N-terminal
GLRG_07140 Hypothetical protein 254 7.92 No InterProScan Results
GLRG_07195 Hypothetical protein 207 3.89 No InterProScan Results
GLRG_07420 Gpi16 subunit 561 5.39 Gpi16 subunit, GPI transamidase component
GLRG_08161 Hypothetical protein 285 11.36 Cell wall galactomannoprotein
GLRG_08510a Hypothetical protein 409 5.40 No InterProScan Results
GLRG_10514a Hypothetical protein 202 4.69 No InterProScan Results
GLRG_10691 Hypothetical protein 1,178 6.88 Protein kinase, catalytic domain
GLRG_10693 DEK C terminal domain-containing protein 236 8.46 SWIB/MDM2 domain
GLRG_10695 Hypothetical protein 331 6.73 No InterProScan Results
GLRG_10986 oxalate decarboxylase family bicupin 449 5.62 RmlC-like cupin domain
GLRG_11207 Hypothetical protein 147 9.02 No InterProScan Results
GLRG_11501 Hypothetical protein 681 9.03 Tyrosinase
GLRG_11533 glucosidase II beta subunit-like protein 541 4.64 Mannose-6-phosphate receptor binding domain

a Proteins with no homology to proteins in the GenBank nr database (E value threshold = 1e-5).

Fig. 1. CgEP1 sequence and organization of the intragenic tandem repeats (ITR). Schematic representation of the three alleles of CgEP1 in the isolates from the
Graminicola clade. Each protein is composed of four to six nearly identical repeat units (R). Black shading indicates a nuclear localization signal; red arrows,
the acidic motif (E/D); blue arrows, the alkaline motif (K), S = signal peptide for secretion; blue shading, the nonrepetitive N-terminal (including a short basic
Lys-rich motif). Common to all the alleles there is a sequence insertion in R1, indicated by yellow shading. Arrows indicate position of residues with evidence
for positive selection.
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between host and the pathogen, reinforcing the importance of this
effector during anthracnose development in grasses (Kanzaki
et al. 2012).
A BLAST search revealed that the N-terminus of CgEP1 has

strong similarity to another protein from the C. graminicola
genome, with the locus ID GLRG_09337. Homologs of
GLRG_09337 were subsequently identified in other members
of genus Colletotrichum, both within and outside the Grami-
nicola clade. The N terminal 45 residues of CgEP1 have 66%
identity to GLRG_09337 and have 55 to 57% identity to the
GLRG_09337 orthologs from other Colletotrichum spp. (Sup-
plementary Fig. S5A). GLRG_09337 and its orthologs share
highly conserved N and C termini, separated by a lysine- and
asparagine-rich and highly variable central domain. In addition,
GLRG_09337 (as well as its orthologs) and CgEP1 share an
intron, located in the same position in both genes. A dotplot of
GLRG_09337 and CgEP1 revealed that the repeat units of
CgEP1 have 36% identity to a portion of GLRG_09337 (Sup-
plementary Fig. S6A). This evidence indicates that CgEP1 and
GLRG_09337 are paralogs, related by a gene duplication event
in an ancestor of the Graminicola clade. Following the gene
duplication, the CgEP1 gene structure was remodeled by mu-
tations and intragenic duplication of a region that now forms the
intragenic repeats of CgEP1. An analysis of previously

published transcriptional profiling experiments shows that both
CgEP1 and GLRG_09337 are expressed at early stages of in-
fection and display similar patterns of expression (O’Connell
et al. 2012).
Additional genes encoding proteins with structural similari-

ties to CgEP1 were also in the genomes of M. oryzae, Tricho-
derma virens, Gaeumannomyces graminis, and Thielavia terris.
These proteins lack sequence similarity to CgEP1 but are highly
basic, have intragenic tandem repeats, and have multiple NLS.
An important characteristic of this group of proteins is that they
have repeat units with a characteristic distribution of acidic and
basic residues. Structural analyses and folding predictions
suggested that each repeat unit in CgEP1 and other repeat-
containing proteins fold into a secondary structure resembling
a bipolar a-helix. Bipolar helices with strong acidic and basic
N- and C-termini, respectively, might be important for struc-
tural stabilization.

CgEP1 is a novel class of pathogenicity factor
targeted to the host nucleus.
Maize leaf infection by C. graminicola is initiated by a bio-

trophic stage (with characteristic primary hyphae) for approx-
imately 48 h, followed by a transition (between 48 and 72 h
postinoculation [hpi]) into the necrotrophic lifestyle in which

Fig. 2. CgEP1 is expressed in primary hyphae and targets the host nucleus. A, Schematic representation summarizing the hallmark events of anthracnose leaf
blight in maize. Pathogenesis starts with a biotrophic stage that lasts 48 h (mainly primary hyphae are developed by the pathogen). A transition process (S) into
the necrotrophic lifestyle begins 48 h postinoculation (hpi) and is complete by 72 hpi (Vargas et al. 2012). B, Expression of CgEP1 determined every 12 hpi up
to 72 hpi and in necrotic tissue 8 days postinoculation (8D) containing sporulating fungal mycelium, fungal mycelium grown in vitro (My), and spores (Sp), by
reverse transcription quantitative polymerase chain reaction. M = mock-inoculated leaves. Expression levels were normalized to mean expression level for
b-tubulin and histone H3. Letters indicate statistically significant differences according to a Tukey’s honestly significant differences test. C, The fluorescence
signal is detected only in primary hyphae (PH) when the reporter gene green fluorescent protein (GFP) is fused to the promoter region of CgEP1, while both
primary and secondary hyphae (SH) expressed GFP when fused to the promoter region of a constitutive gene. Confocal micrographs were taken 65 hpi. Fungal
development for both strains was confirmed after lactophenol blue staining. Bars = 30 µm. D, Western blotting assay using total and nuclear protein extracts
revealed that CgEP1 colocalizes with histone H3. As control for cytosolic contamination, antibodies against rubisco large subunit (RbcL) were used. Due to the
high concentration of rubisco in total and histone H3 in nuclear extracts, only 3 µg of protein was loaded in each lane and the film exposition was controlled, in
order to avoid signal saturation. As a result signals for CgEP1 or histone H3 were under the detection limit in the total protein preparation. E, The nuclear
localization of CgEP1 was confirmed using a translational fusion of this effector and the reporter gene mCherry (ID1 strain) and maize transgenic plants with
GFP-tagged nuclei (colocalization of mCherry and GFP). This figure is a representative micrograph from one infection site from independent experiments. N =
nucleus, A = appressoriun, H = hyphae, and Bars = 25 µm.
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secondary hyphae colonize dead cells (Fig. 2A) (O’Connell
et al. 2012; Vargas et al. 2012). A time-course gene-expression
analysis revealed that mRNA for CgEP1 is primarily accumu-
lated during the biotrophic phase with a maximum expression
48 hpi (Fig. 2B). CgEP1 expression is evident in ungerminated
spores, suggesting a requirement for the protein immediately
upon (or perhaps even before) penetration. Low levels of expres-
sion are still evident in lesions at 72 h and 8 d after inoculation.
The lesions at these time points are primarily comprised of
necrotrophic hyphae, however, lesion margins still contain bio-
trophic hyphae, which may lead to residual detection of CgEP1
transcripts. For in situ confirmation of CgEP1 expression, we
constructed a C. graminicola strain (strain A1 and B1) containing
a transcriptional fusion between the promoter region of CgEP1
and the green fluorescent protein (GFP) reporter gene (Supple-
mentary Fig. S7). Confocal microscopy of infection sites 65 hpi,
revealed that GFP was only detected in the primary hyphae, while
no secondary hyphae displaying GFP signal were found (Fig.
2C). As a control, we also prepared a transcriptional fusion be-
tween the promoter region of the b-tubulin gene and GFP. In this
case, GFP fluorescence was detected in both primary and sec-
ondary hyphae (Fig. 2C). Together, these results demonstrate that
the expression of CgEP1 is specifically activated in primary hy-
phae during the biotrophic stage.
To functionally characterize the predicted SS and NLS of

CgEP1, we sought to determine the fate of the protein during
host infection. First, to confirm that the protein is secreted, we
constructed fungal strains that constitutively expressed CgEP1
in saprophytic culture. Using these strains, we detected the
presence of CgEP1 in culture filtrates, using anti-CgEP1 anti-
body (Supplementary Fig. S8C). To assess the subcellular lo-
calization of CgEP1 during leaf infection, protein extracts
prepared from nuclear fractions and from infection sites were
used for immunodetection of CgEP1 by Western blotting. We
identified a protein band with the expected size for CgEP1 in
the nuclear fraction, while no protein band was present in the
total extract. We surmise that the amount of CgEP1 in the total
extract was below the detection limit (Fig. 2D).
To further study the subcellular localization of CgEP1 at the

early stages of disease development, we sought to investigate the
fate of a CgEP1::mCherry translational fusion. However,
the expression of translational fusions in fungal cells to track the
effector’s localization inside the host has been precluded by the
low expression levels achieved by the native promoter of ef-
fectors (Kleemann et al. 2012; Win et al. 2012). In order to
circumvent this issue, we developed C. graminicola strains that
express the translational fusion (CgEP1::mCherry) under the
control of the Aspergillus nidulans pgdA constitutive promoter
(Supplementary Fig. S9) and, then, tracked mCherry fluores-
cence during infection. To avoid high levels of red chlorophyll
autofluorescence in leaves, we conducted the infection assays
using leaf sheaths of maize plants expressing a Histone1B::GFP
translational fusion (plants with GFP-tagged nuclei, Construct
ID 1025; J. Craig Venter Institute’s Maize Cellgenomics data-
base). Confocal micrographs confirmed the nuclear localization
of CgEP1, as the mCherry fluorescence signal colocalized with
the GFP signal inside maize nuclei (Fig. 2E; Supplementary
Fig. S10). Together, these assays allowed us to confirm that,
after being synthesized in C. graminicola cells, CgEP1 reaches
the host nucleus during disease development.
To study the role of CgEP1 in anthracnose development, we

performed pathogenicity tests using a C. graminicola lacking
CgEP1. We prepared CgEP1-knockout strains (Ko14 and
Ko20), which also express GFP, to facilitate microscopic assays
(Supplementary Fig. S11). The pathogenicity assays revealed
that CgEP1 is essential for anthracnose development in leaves,
stalks, and roots. In all cases, no hyphae were detected by

confocal microscopy, when the tissues were inoculated with the
mutant strains. (Fig. 3A to E). The importance of CgEP1 for
disease was confirmed in Ko14-C strains, after the wild-type
version of CgEP1 was restored to the Ko14 strain (Figs. 3
and 4).
Histological studies of leaf blight infection sites showed that

CgEP1 is essential for C. graminicola to infect intact host tis-
sue, as the Ko14 mutant strain was only able to infect the host
after the epidermal cell layer was removed by wounding (Fig.
4A to D). This finding suggests that CgEP1 functions in the
epidermal cell layer, enabling entrance of fungal hyphae into
the host. Further histological studies revealed that, when Ko14
attempts to infect maize leaves, a strong plant-defensive re-
sponse was detected. This response includes the accumulation
of reactive oxygen species and phenolic compounds, as evi-
denced by diaminobenzidine staining and leaf autofluorescence,
respectively (Fig. 4E to H). Further microscopic studies sug-
gested that CgEP1 is necessary to cope with host defense re-
sponses rather than being involved in host penetration. Appressoria
formation assays on cellophane membrane revealed that the Ko14
strain develops functional appressoria that reach the pressure
needed for membrane penetration (Fig. 4M and N). However,
microscopic observations revealed that, during host infection,
the invasion process of the Ko14 strain is interrupted when a
penetration peg attempts to enter the host epidermis (Fig. 4O
and P). The wild-type strain developed hyphae in 93% of the
appressoria observed, while no hyphae developing appresoria
were observed with Ko14 strain. Overall, these observations in-
dicate that CgEP1 is necessary to attenuate primary defensive
responses in host epidermal cells and is essential for host invasion
and disease development (Fig. 4E to H). Collectively, these re-
sults show that CgEP1 is a novel class of nuclear effector that is
essential at the early stages of anthracnose development in maize.

CgEP1 binds to maize genomic DNA.
To further investigate the role of CgEP1, we sought to

identify the nuclear targets of this effector. First, we confirmed
by Western blotting that CgEp1 is involved in the formation of
nuclear supramolecular complexes with genomic DNA, as
evidenced by band supershift of the effector after the induction
of protein cross-linking, using formaldehyde in maize infection
sites (Fig. 5A). Several attempts of protein pull-down assays
(using anti-CgEP1) had negative results, suggesting that the
band supershift was due to CgEP1-DNA complexes. To identify
host genomic regions that could be candidate targets for CgEP1
binding, we performed chromatin immunoprecipitation analy-
ses followed by DNA cloning (ChIP-cloning) (Torres et al.
2008) (Supplementary Fig. S12). After cloning, Escherichia
coli transformation, and plasmid sequencing, we obtained se-
quences of 35 clones. The binding of CgEP1 to the cloned DNA
fragments was further confirmed by in vitro protein-DNA
binding experiments, using a recombinant version of the pro-
tein expressed in E. coli (Fig. 5B, Supplementary Fig. S13).
The protein-DNA interaction assays revealed that the free
protein has reduced mobility compared with the complexes
with DNA in native gels. This effect can be explained by the
high positive charge of CgEP1, which is reduced or neutralized
after binding DNA molecules, and increases the mobility of the
complexes. This hypothesis was confirmed when the complexes
were cross-linked using formaldehyde and were subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Under such conditions, the mobility of complexes is
independent of protein charge and both the protein-DNA
complexes and free protein are resolved according to molecular
size. An interesting aspect of the interaction is that CgEP1 is
able to bind both maize genomic fragments as well as salmon
sperm DNA (Fig. 5), which points to a nonspecific binding
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mechanism. The importance of the CgEP1 charge for DNA
binding was further confirmed by the fact that pH increments
above the predicted isoelectric point of the protein are detri-
mental for the interaction (Fig. 5C and D).
We aligned the cloned sequences to the Z. mays genome

using MEGABLAST and found that 29 of the clones aligned to
the genome with an E-value of less than 1x10

_15, and percent
identity greater than 98%. Many of the clones aligned to the
genome at multiple locations and we identified a total of 846
loci in the genome that match the cloned fragments. To de-
termine whether CgEP1 binds to the promoter regions of genes,
thus potentially affecting their transcription, we prepared a
BLAST database of the DNA sequences 2000 bases upstream
of the translational start site of the Zea mays gene models. We
performed a MEGABLAST search using the clone sequences,
limiting the search to the top five hits from each sequence, and
identified 58 genes (Supplementary Table S3). Fifty of the
genes (86%) encode uncharacterized proteins, many of which
have no known functional domains. Four proteins are putative
transcription factors (TFs). The remaining four with known

functions are a proteasome subunit, a serine/threonine protein
phosphatase, a glycosyltransferase subunit, and a mitogen-
activated protein kinase kinase kinase. These 58 genes are
candidates for being transcriptionally regulated by CgEP1.

DISCUSSION

The study of host–nuclear targeted effectors are of great in-
terest, since these proteins might have a direct effect on nuclear
processes, such as DNA replication, gene expression regula-
tion, or epigenetic effects on host chromatin. Similar to bac-
terial nucleomodulins or TAL effectors (Bierne and Cossart
2012; Bogdanove and Voytas 2011), these proteins are likely to
take over important physiological processes during fungal
pathogenesis to favor plant disease development. In a genome-
wide survey to detect proteins containing both NLS and SS
domains, we identified 27 candidate nuclear effector proteins in
C. graminicola. This catalog of putative effectors offers the
starting point for future studies aimed to uncover the role of
nuclear effectors in host-microbe interactions.

Fig. 3. The nuclear effector CgEP1 is not tissue-specific.A,Anthracnose leaf blight development by Colletotrichum graminicolawild type (Wt), the mutant Ko14,
and the complemented mutant Ko14-C (clone 2B). Fungal spores were sprayed on the surface of leaves and were photographed 96 h postinoculation (hpi). B,
Quantitative analysis of disease development as estimated by lesion size measurement 72 hpi. Bars represent the mean value for three biological replicates ±
standard deviation (SD). Bars with different letters differ significantly according to Tukey’s honestly significant differences (HSD) test at a significance level of
0.5%. C, In vitro stalk rot development by the three C. graminicola strains 3 days postinoculation. Red asterisks indicate the point of inoculation. D, Quantitative
analysis of disease development as estimated by the extent of discoloration beneath the infection site. Bars represent the mean value for three biological replicates ±
SD. Bars with different letters differ significantly according to Tukey’s HSD test at a significance level of 0.5%. E, Root infection assays using the Wt, Ko14, and
Ko14-C. Root samples were collected 96 hpi, were stained with propidium iodide, and were photographed with a confocal microscope.
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We characterized one putative effector, i.e., CgEP1, that
defines a family of pathogenicity factors with nuclear locali-
zation and double-stranded DNA–binding properties. CgEP1 is
a highly basic protein with an evolutionarily conserved N-terminal
region followed by ITR that are predicted to fold into a bipolar

helix structure. We found three CgEP1 alleles that vary in the
number of ITR. Variation in the number of ITR among isolates
may convey diversity in either function, specificity, or both.
Variation in intragenic repeats is known to affect the activation
of immune responses caused by animal pathogens and may play

Fig. 4. The CgEP1 mutant strain Ko14 is not able to penetrate epidermal maize cells. A to D, Confocal microscopy of infection sites on maize leaves.
Micrographs were taken at 72 h postinoculation (hpi) with the Wt, Ko14 and Ko14-C strains. Also, Ko14 was inoculated on wounded leaves (Ko14-W). Bars =
20 µm. E to H, Plant defenses are heightened after infection with the Ko14 mutant. Production of antimicrobial compounds associated with plant cell-wall
metabolism during Colletotrichum graminicola infection was evidenced by green autofluorescence 48 hpi. Bars = 40 µm (E and F). Accumulation of reactive
oxygen species in plant cells was assayed by diaminobenzidine-staining in response to the pathogen 72 hpi (G and H). In the Wt strain, H2O2 is accumulated in
vesicles surrounding fungal hyphae (arrows) while, in the case of mutant Ko14, the production of H2O2 is dispersed in thewhole plant cell. Bars = 10 µm. I toL,
Lactophenol blue–staining of leaf infection sites 72 hpi. In contrast to Wt, no Ko14 hyphae are observed inside the plant cells. Bars = 80 µm (I and J). The
normal development of the mutant strain is impaired, as no hypha develops underneath the appressorium. Bars = 5 µm (K and L).M to P, Plant epidermis stops
the penetration of the Ko14 mutant strain. Similar to the Wt strain, the Ko14 mutant spores develop appressoria that accumulate pressure to pene-
trate cellophane membranes (Sakaguchi et al. 2010). Bars = 20 µm (M and N). Leaf sections of infected leaves stained with toluidine blue O (60 hpi) show
that penetration of epidermal cells by mutant Ko14 is stopped after a penetration peg is formed, but the wild type developed normal primary hyphae. Bars = 5
µm (O and P). A = appressorium, PH = primary hyphae, H = hyphae, and PP = penetration peg. In all cases, the micrographs are representatives of the analysis of at
least 10 different infection sites, repeated three times.
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a similar role in plant pathogens (Hood et al. 1996; Mesarich
et al. 2015; Rich and Ayala 2000). In fact, bacterial effectors
that harbor ITR involved in host range modulation have already
been described (Herbers et al. 1992).
CgEP1 and GLRG_09337 arose from a gene duplication

followed by mutations and tandem, intragenic duplications.
Since CgEP1 is only found in the Graminicola clade while
GLRG_09337 is broadly distributed in the genus, it is likely
that CgEP1 arose through partial or complete gene duplica-
tion in the common ancestor of the Graminicola clade. We

suggest that, following the duplication event, one gene copy
was subject to intensive selective pressure, leading to a
C-terminal region that is only slightly similar to its paralog.
The repeat units of CgEP1 are nearly identical at the nucle-
otide level, suggesting a recent origin of the duplications.
Alternatively, other evolutionary processes, such as con-
certed evolution, may be acting on the repeat units and
maintaining homogeneity among them. Our analysis also
revealed that there are codons subject to positive Darwinian
selection located in the same position in each repeat unit,
highlighting their functional importance during plant patho-
genesis. These residues may be important for DNA target
specificity or they may play roles in avoiding detection by the
plant immune system. Their presence highlights the rapid
appearance and adaptation of this new gene family in the
Graminicola clade.
Functional characterization revealed that CgEp1 is a novel

class of fungal effector necessary for C. graminicola to pene-
trate the maize epidermis and complete the maize infection
process (Figs. 1 to 5). The epidermis is the first line of defense
against invading pathogens and constitutes the first barrier
that microorganisms have to invade, in both animal and plant
hosts (Freeman and Beattie 2008; Gutowska-Owsiak and Ogg
2012; Javelle et al. 2011). In plants, it is known that complex
physiological and biochemical responses are induced in the
host epidermal cells during attack by pathogens, such as host
gene-expression regulation, antimicrobial compound bio-
synthesis, cytoskeleton rearrangements, and even cell death
(Freeman and Beattie 2008; Henty-Ridilla et al. 2014; Hof
et al. 2014). Our hypothesis is that, in grass infecting Colle-
totrichum spp., CgEP1 binds to the host’s DNA at the point it
interrupts the expression of genes that are required for the
immune response. The CgEP1 knockout strain (Ko14) is un-
able to infect intact plant tissue, but this effect is reverted
when the leaf tissue is wounded, enabling the fungus to bypass
the epidermis (Fig. 4). Strains impaired in CgEP1 expression
are arrested in the epidermal cell layer during host penetra-
tion attempts (Fig. 4O and P). The immune responses in the
epidermis cells are key components for a heightened immu-
nological state against the hemibiotrophic fungus. However,

Fig. 5. Protein charge is crucial for CgEP1 binding to host genomic DNA.
A, CgEP1 forms a high molecular weight complex in the nucleus of maize
cells infected with Colletotrichum graminicola. Nuclear protein extracts
from leaves infected with C. graminicola were electrophoresed in 10%
acrylamide denaturing gels (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) and were transferred to nitrocellulose membranes, and
CgEP1 was detected using anti-CgEP1 antibodies. In nuclear extracts,
CgEP1 was detected as a high molecular weight complex (arrow), after
protein cross-linking using formaldehyde (Nu+Cross). When the cross-
linking was reverted, CgEP1 was detected as a free protein (Nu+R-Cross).
In leaf protein extracts (Total), CgEP1 is a minor protein below the de-
tection limits. B, CgEP1 binds DNA independently of target sequence. As
sequence specificity control, samples were incubated in the presence of
maize genomic DNA (gDNA) or salmon sperm DNA (NR). Chip3, Chip8,
Chip12, and Chip13 correspond to DNA fragments cloned after chromatin
immunoprecipitation experiments. After binding reaction, samples were
electrophoresed on acrylamide native gels and were transferred onto ni-
trocellulose membranes and CgEP1 was immunodetected. When the pro-
tein interacts with DNA, the highly positive charge is reduced or neutralized
so that the protein mobility increases (arrows). C, Prediction of pH
dependence of CgEP1 protein charge. The graph depicts charge changes
(y axis) versus pH values (x axis). The values were predicted using Expasy
tools. D, Protein-DNA binding at different pH levels. Using the purified
recombinant CgEP1 and purified DNA fragment corresponding to the
Chip13 clone, the binding reactions were electrophoresed in native gels at
pH 8.5, 9.5, and 10.5, conditions in which the protein charge is predicted to
be +27, 0, and _25, respectively. Increasing the pH, the protein charge
changes and the protein is unable to bind DNA.
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C. graminicola (and other Colletotrichum species) are able to
overcome those defensive responses, and our results suggest
that CgEP1 has an active role in this task. In the hemibiotroph
M. oryzae, it has been shown that pathogenesis in leaves and
roots are uncoupled processes regulated by tissue-specific
effectors (Marcel et al. 2010; Skibbe et al. 2010; Tucker et al.
2010). Similar conclusions were made for the U. maydis-
maize pathosystem, in which it was suggested that individual
fungal effector proteins contribute to fungal virulence in an
organ-specific manner (Schilling et al. 2014). However,
CgEP1 plays a more general role in pathogenesis and is es-
sential for pathogenicity in different maize tissues. Our results
suggest that effectors play important roles at different regu-
latory levels and that a single effector may be enough to allow
for disease development in distinct host tissues. In the case of
anthracnose, it is likely that CgEP1 acts at a higher regulatory
level than organ specificity, interfering with general host re-
sponses common to leaf, stalk, and root infection (Fig. 3A to D).
CgEP1 is expressed even before the fungus penetrates the
epidermis, being found even in ungerminated spores (Fig. 2B).
In addition, CgEP1 null mutants can form normal appressoria
that can penetrate cellophane, yet are unable to cause disease.
This suggests a role for CgEP1 in the establishment of biotrophy
as soon as the fungus penetrates the epidermis and that it is
required during the whole biotrophic stage of development.
When invading the host, effectors play essential roles,

helping the pathogen to overcome the host immune system. For
instance, the fungal effectors SLP1 and Pep1 interfere with
natural defense mechanisms activated by the plant hosts
(Doehlemann et al. 2009; Mentlak et al. 2012). CgEP1 is de-
livered during the biotrophic stage into the nucleus of maize
cells in which it binds to chromatin (Fig. 5). Our results show
that the DNA-binding capacity of CgEP1 is nonspecific and
that it likely binds to hundreds of target sites in the Z. mays
genome. Searches for conserved sequence motifs among the
sequences from the ChIP-cloning experiment failed to identify
a common binding motif, suggesting that either CgEP1 does
not target a specific motif or that the target motif is common.
We identified 58 genes that have significant similarity to the
cloned ChIP sequences within the region 2,000 bp upstream of
the coding sequence. Many of these genes are uncharacterized
and have no known function. Of the few with hypothetical
functions, four are TFs with homology to TFs having roles in
plant responses to biotic and abiotic stresses in other plant
species. One has homology to zinc finger–containing TFs,
which are known to mediate PAMP-triggered immunity in
Arabidopsis (Ciftci-Yilmaz and Mittler 2008; Maldonado-
Bonilla et al. 2014). Another is a NAC domain–containing
TF. An increasing amount of evidence is showing that NAC
proteins play important roles in the regulation of plant defense
responses to various types of pathogens, including Colleto-
trichum spp. (Jensen et al. 2008; Liu et al. 2014; Shan et al.
2015; Voitsik et al. 2013). The other two are a WRKY- and
MADs box–containing TF, both of which are implicated in
various physiological processes, including responses to biotic
and abiotic stress (Arora et al. 2007; Nuruzzaman et al. 2013;
Pandey and Somssich 2009). While the DNA-binding activity
of CgEP1 is nonspecific, these results show that it has the
capacity to bind upstream of TFs that likely regulate a variety
of cellular processes, including pathogenicity. We hypothe-
size that, like a shotgun that hits its target with hundreds of
projectiles, CgEP1 may interfere with the transcription of
many host genes, some of which are components of the im-
mune system. The lack of a specific DNA-binding motif may
be an adaptation that prevents the host from evolving muta-
tions that inhibit CgEP1 binding. The nonspecific DNA
binding capacity of CgEP1 may also be a consequence of its

relatively recent appearance in the Graminicola clade of
Colletotrichum spp.
CgEP1 appears to function as a bacterial nucleomodulin

(Bierne and Cossart 2012), translocating to the host nucleus
and interfering with genes involved in the immune response.
Maize plants respond to infection by CgEP1 null mutant
strains with a strong oxidative response (Fig. 4), suggesting
that CgEP1 works by repressing the oxidative burst. To better
understand the role of CgEP1 in the suppression of the oxi-
dative burst, future studies will focus on transcriptomic
studies of maize infected with the wild-type strain of
C. graminicola (M1.001) and the CgEP1 null mutant during
the early stages of infection.
There are an increasing number of nuclear effectors that are

being identified in filamentous plant pathogens as well as an
increasing number of plant defense signaling components. The
diversity of nuclear effectors present in filamentous fungi and
other plant pathogens highlights the variety of plant-immunity
regulatory networks that effectors can target. CgEP1 is well-
conserved in the Graminicola clade including pathogens of
many of the most important agricultural crops and, therefore,
could be a promising target for novel fungicides in plant
protection. Pharmacological treatments to abolish the effect
of this effector family could be highly specific and innocuous
for humans and other animals but successful in controlling
anthracnose development in a variety of important crops.
Our results demonstrate the importance of nuclear effectors

for plant host infection and disease development. In the case of
CgEP1, we demonstrate the importance of this protein to
overcome the primary plant defenses activated in epidermal
cells. The epidermis of maize leaves is able to execute an ag-
gressive immune response to prevent pathogenic infections but,
by using effector proteins, fungal pathogens neutralize such
plant defensive responses (ETS). In this report, we provide
insights into the potential of genome-wide strategies to un-
cover novel effector proteins in pathogenic fungi. Further
research on these high-priority targets will reveal which ones
show the highest biotechnological capabilities for controlling
plant disease.

MATERIALS AND METHODS

Maize and C. graminicola culture conditions.
Colletotrichum graminicola wild-type strain M1.001-BH

(also reported as CgM2) (Forgery et al. 1978) and its derivative
GFP-tagged strain (Sukno et al. 2008) were used in this arti-
cle. Liquid cultures were incubated with orbital shaking in
minimal medium supplemented with 1% sucrose as described
by Horbach et al. (2009). Susceptible maize inbred lineMo940 was
grown as previously described (Vargas et al. 2012). Transgenic
maize plants expressing a GFP-tagged version of histone H1B
was used for subcellular localization assays (Maize Cellgenomics
database).

Genomic DNA purification, Southern blots,
and DNA sequencing.
Total genomic DNA was purified from mycelium grown in

liquid cultures, using the protocol of Baek and Kenerley (1998).
Southern blot analyses were performed with 10 µg of genomic
DNA digested with NheI and SpeI or NdeI. The DNA was
electrophoresed in 0.8% agarose gels and was transferred to
Amersham HyBond-N (GE Healthcare) membranes. The
probes were prepared by PCR, using primers 3887O3R and
3887O4F. The probe was labeled using a DIG DNA labeling kit
(Roche Diagnostics), following the manufacturer’s instructions.
The membranes were hybridized and washed under high strin-
gency as described by Sambrook and Russell (2001).
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The CgEP1 orthologs from C. cereale, C. falcatum, and
C. sublineola were amplified by PCR, using primers 3887O3R
and 3887O4F. The PCR products were purified, were cloned
into vector pGEM T Easy, and were sequenced. The sequences
were submitted to the European Nucleotide Archive (WEBIN
ID number Hx2000050423).

Genetic modifications of C. graminicola M1.001-BH.
CgEP1 was inactivated by gene deletion using DelsGate

methodology (Garcı́a-Pedrajas et al. 2008), using the plasmid
pKW1, which includes a modification that allows for the de-
letion of any target gene and, simultaneously, the GFP-tagging
of the strain (Supplementary Table S4). A gene replacement
cassette was constructed by following the protocol of Garcı́a-
Pedrajas et al. (2008) and was transformed into C. graminicola
protoplasts. To restore the normal expression of CgEP1 in the
Ko14 mutant strain, a genomic fragment including 1,000 bp
upstream and 1,000 bp downstream of the coding region of
CgEP1 was PCR-amplified and was transferred to pKW4, using
Gateway technology. The resulting plasmid was transformed into
protoplasts from the Ko14 mutant strain and was selected for
nourceothricin resistance.
The constitutive expression of CgEP1 was achieved by

cloning the CgEP1 coding region downstream of the constitu-
tive promoter gpdA from Aspergillus nidulans in the pRFHUE
vector, using the USER Friendly cloning system (Frandsen
et al. 2008). The CgEP1 coding region was PCR-amplified
using primers 3887O3R and 3887O3F (Supplementary Table
S5) to generate the expression vector. The genomic region
containing the promoter of CgEP1 (1,000 bp upstream of the
ATG) was cloned upstream of the GFP cassette. Using Gateway
technology, the promoter regions to study were PCR-amplified
(primers p-3887-GFP Fw and 2_3887) and, then, transferred to
vector pKW3. A control for constitutive gene expression was
generated using the promoter region of the constitutively expressed
gene CgTub 4 (the promoter region was PCR-amplified using prim-
ers TubFus1 and TubFus2.
The full-length cDNA from CgEP1 was ligated in frame to

the coding region of the monomeric version of red fluorescent
protein (mCherry), replacing the stop codon of CgEP1 with
the start codon of mCherry. The chimeric molecule was
PCR-amplified with the primers 3887 O3R and mCherry O4F
cloned into plasmid pRFHUE, using the USER friendly
cloning system (Frandsen et al. 2008). The expression of the
translational fusion is driven by the constitutive promoter
pgpdA. The plasmids were ectopically integrated into the
C. graminicola genome by transformation and independent
clones were selected for hygromycin resistance.

Fungal protein preparation, SDS-PAGE,
and Western blotting.
Fungal proteins from culture supernatant were filtered on a

0.22-µm membrane and were concentrated using Amicon Ultra
Centrifugal Filters (3,000 molecular weight cut-off). Protein
samples were separated on SDS-PAGE (Sambrook and Russell
2001) and were stained with a Coomassie blue or silver-staining
kit (Thermo). Alternatively, after separation, the polypeptides
were blotted onto a nitrocellulosemembrane (HyBondC;Amersham
Biosciences) for immunoassays (Sambrook and Russell 2001).
Protein blots were probed with specific antibodies raised against
CgEP1, anti-RbcL (Agrisera), or anti-H3 histone (Abcam). Anti-
CgEP1 sera was prepared after rabbit immunization with the syn-
thetic peptide C-APTAPINDVAAPVEARAADFVDGAHLEARK
(GeneCust Europe). The specificity of the antibodies was tested
using total protein extracts from maize leaves and nuclear prepa-
rations of mock-inoculated plants; in both cases, no signal was
retrieved after Western blotting (data not shown).

ChIP-cloning assays.
Maize leaves (5 g) containing approximately 100 C. graminicola

infection sites per leaf were collected 48 hpi and were fixed
using a 1% formaldehyde solution, as previously described
(Ricardi et al. 2010). The infected and cross-linked tissue was
further used to isolate nuclei. Nuclear preparations were sonicated
with five rounds of 10-s pulse, using 15% intensity of a microtip
sonicator (Bandelin Sonopuls Sonicator). The samples were used
for ChIP or protein-protein interaction experiments.
Sheared chromatin (approximately 20 µg) was immuno-

precipitated using purified polyclonal antibodies (immuno-
globulinG) anti-CgEP1, following the method reported by
Ricardi et al. (2010). The recovered DNA was treated with
T4-DNA polymerase (Roche) to fill the ends of sheared
molecules, was ligated to double-stranded adaptor (CTAA
TACGACTCACTATAGGGCTCGAGCGGCCGCCCGGG
CAGGT) and excess adaptor was removed using spin columns.
Purified DNA was PCR-amplified using internal primers
matching the adaptor (TCGAGCGGCCGCCCGGGCAGGT).
The PCR products were separated on agarose gels, were
extracted, were ligated into the pGEM-T Easy vector system
(Promega), and were transformed into E. coli. The transformants
were further analyzed by restriction assays and DNA sequencing.

Pathogenicity and appressorium penetration assays.
In vivo leaf blight assays were done with susceptible maize

inbred line Mo940 (Warren et al. 1975, 1976) following the
protocol of Vargas et al. (2012), and virulence was quantified
by measuring the area of necrotic lesions. Alternatively, spore
solutions (106 spores per milliliter) were uniformly sprayed on
the leaf surface, were incubated in a moisture chamber (16 h),
and were transferred to a growth chamber until disease devel-
opment. In vitro stalk-rot assays were performed as previously
optimized (Thon et al. 2000). Maize leaf sheaths were infected
following the protocol previously described for rice but adapted
for maize plants (Koga et al. 2004). The pathogenicity assays
were repeated three times, using five plants for each strain.
Root infection assays were performed covering maize roots

with C. graminicola mycelium. The fungal strains were plated
in the center of nitrocellulose filters placed on top of a petri dish
containing potato dextrose agar. After 5 days, the filters were
cut into strips that were placed on top of the roots. Three days
after germination, the emerging maize roots were inoculated with
the filter strips and were incubated in a dark moisture chamber at
room temperature. Roots sections were stained with propidum
iodine (Sigma) and were observed with a confocal microscope.
The mechanical penetration of cellophane membrane by ap-

pressoria was tested using the protocol of Sakaguchi et al. (2010).

RNA samples, reverse transcription, and
quantitative PCR assays.
Total RNA from infection sites was extracted using TRIZOL

reagent (Gibco-BRL), following the protocol provided by the
manufacturer. RNA quality was verified after electrophoresis
on agarose gels and ethidium bromide staining. cDNA syn-
thesis was performed using 5 µg of total RNA, Moloney murine
leukemia virus reverse transcription (Promega) and oligo-dT
primers. Prior to the reverse transcription (RT), RNA samples
had been treated with Turbo DNA-Free DNAse (Ambion, Austin
Texas) to remove trace amounts of genomic DNA. Quantitative
(q)RT-PCR experiments were carried out following RT of RNA.
The qRT-PCR samples were collected from three independent
pathogenicity assays. PCR reactions were performed using spe-
cific primers for each gene assayed, the constitutively expressed
histone H3, and b-tubulin, for normalization of C. graminicola
genes. The sizes of the PCR products were confirmed by gel
electrophoresis and the SYBer-green detection was verified by
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ensuring that the melting curves contained only one peak. All of
the primer pairs used showed efficiencies of at least 95%. The
relative expression level of the test genes were calculated using
the comparative cycle threshold (Ct) method. (Livak et al. 1995)
All Ct calculations and statistical analyses were performed using
the StepOne software v2.2.2.

Heterologous protein expression and purification.
The coding region of the mature version of CgEP1 was PCR-

amplified (primers HEPetFw and 3887HERv) and was cloned
into pGEM T Easy and subcloned in frame with a (His)6 tag
into pET28TEV. The resulting plasmid was transformed into
E. coli BL21pLysDE3 and protein expression was induced over-
night at 18!C. The recombinant protein was purified using HisPur
Cobalt resin (Thermo Scientific) and was eluted with 100 mM
imidazol, following the protocol suggested by the manufacturer.

Protein-DNA interaction assays.
CgEP1 DNA-binding capacity was tested in reaction mixtures

containing 5 µg of purified recombinant CgEP1, 100 ng DNA,
1× Taq polymerase buffer (Biotools), 10 µg bovine serum al-
bumin, 1× halt protease inhibitor cocktail (Thermo Scientific),
1 mM dithiothreitol, and 20% glycerol. The samples were
incubated at 20!C for 20 min and were electrophoresed on
nondenaturing 6% acrylamide gels (containing 0.5% tris-borate-
EDTA and 2.5% glycerol). After electrophoresis, the gels were
incubated 10 min in 1% SDS at room, and proteins were blotted
onto nitrocellulose membranes for immunodetection of CgEP1.

Microscopy and image processing.
Microscopic analysis was performed using a Leica DMLB

fluorescence microscope, a Leica DG300F digital camera, and
Leica IM1000 software. This instrument was used for bright
field and fluorescence microscopy. GFP was excited at 588 nm and
green fluorescence was detected at 610 nm. Confocal microscope
images were taken with a Leica TCS SP2 laser scanning spectral
confocal microscope. Projections were generated from adjusted
individual channels in the image stacks using Leica software.

Bioinformatics.
Secreted proteins were identified with SignalP 4.0. The

predicted signal peptide was removed from the protein se-
quence (using SignalP4.0) and the mature protein was scanned
with WoLF-PSORT, using the settings for plants (Horton et al.
2007). The highest scoring subcellular prediction was used
without a score threshold. Proteins classified as species-specific
were identified by performing a BLAST search to the Genank
nr database. The BLAST results were inspected manually to
determine homology. The BLAST and InterPro searches were
completed using Geneious 5.6 (Kearse et al. 2012).
Orthologous transcript sequences of CgEP1 in 15 isolates of

Colletotrichum graminicola were aligned using MUSCLE
(Edgar 2004) and protein alignment gaps were mapped to DNA
using PyCogent (Knight et al. 2007). The CodeML program
from the PAML package (Yang 2007) was used to investigate
patterns of positive selection. Selective pressure was measured
through w = dN/dS ratio, where dN and dS represent the non-
synonymous and synonymous substitution rates, respectively.
Orthologous sequences showingw = 1, <1, or >1 are assumed to
be evolving under neutral evolution, negative selection, or posi-
tive selection, respectively (Yang and Bielawski 2000). The w
ratios were analyzed under different codon models and, then,
hypotheses were tested using the likelihood ratio test (Anisimova
et al. 2001). The Bayes empirical Bayes method was used to
calculate the posterior probabilities for each codon to belong to a
site class of positive selection under model M2 and M8 (Yang
et al. 2005).

To determine the architecture of CgEP1, a multiple sequence
alignment was performed with 19 Colletotrichum proteins,
using MAFFT multiple aligner (Katoh et al. 2002). CgEP1 was
used as a query in BLAST (Altschul et al. 1997). We also used
the program phmmer of HMMER (Finn et al. 2011) versus the
nr database to identify additional sequences that escaped to the
other methods. RADAR (Heger and Holm 2000) was used to to
detect repetitive patterns. Protein secondary structure was
predicted using the software Geneious (Kearse et al. 2012).
The species tree was reconstructed using the five genes (ITS,

CHS-1, His3, ACT, and Tub2) reported by O’Connell et al.
(2012). The sequences were concatenated in Geneious (Kearse
et al. 2012) and were aligned with MAFFT (Katoh et al. 2002).
The tree was reconstructed with PhyML (Guindon and Gascuel
2003) and MrBayes (Ronquist and Huelsenbeck 2003). A total
of 500 replicates were used in PhyML to calculate the per-
centage of bootstrap. The convergence was checked using a
sample frequency of 1,000 generations. A burn-in of 25% was
excluded for the posterior probability tree.
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