












Overexpression of E. festucae vibA enhances its inhibitory
activity against grass pathogens. The vibA gene under the control
of the TEF promoter was introduced into isolate E437 to investi-
gate the effect of enhanced vibA expression on antifungal activity.
The transformation vector pNPP154, containing a Ptef::vibA cas-
sette, was introduced into E437 protoplasts. Ten vibA-overex-
pressing transformants were then subjected to in vitro inhibitory
assay against grass pathogens. Overexpression of vibA reduced
radial growth of the colony and enhanced production of aerial
hyphae, but hyphal morphology and production of protease
around the colony were not significantly affected (Fig. 4A and B;
see Fig. S4 and S5 in the supplemental material). All the tested
vibA-overexpressing transformants showed enhanced inhibitory
activities against D. erythrospila, D. siccans, D. dictyoides, and C.
graminicola. Enhanced inhibitory activity was manifested as wider
clear zones between colonies of vibA-overexpressing transfor-
mants and the grass pathogens (Fig. 4A and 7). Moreover, trans-
formants overexpressing vibA could inhibit the mycelial growth of
Rhizoctonia solani, Magnaporthe grisea, and Sclerotinia homoeo-
carpa, but wild-type E437 could not (Fig. 7).

To compare the inhibitory activity of the culture filtrate of the
vibA-overexpressing mutant with that of wild-type E437, conidia
of D. erythrospila were incubated in serially diluted culture filtrates
of the vibA-overexpressing transformant and wild-type E437.
Culture filtrate of E437 diluted to 75% did not inhibit the conidial

FIG 5 Inhibitory activities of culture filtrates of E. festucae wild-type E437
[WT (E437)], a vibA-overexpressing strain (Ptef::VibA-1), a vibA deletion mu-
tant (�vibA-1), and a vibA-complemented transformant (�vibA/VibA-12) on
conidial germination of D. erythrospila. (A) Percentages of germinated conidia
after 12 h of incubation in PD broth or culture filtrate of E. festucae strains. The
frequency of germinated conidia was calculated from at least 150 spores. Data
are means 
 standard errors from 3 biological replicates (�50 spores/experi-
ment). Data marked with asterisks are significantly different from the control
(WT E437) as assessed by two-tailed Student’s t test (**, P � 0.01). (B) Com-
parison of inhibitory activities of culture filtrates of E. festucae wild-type E437
and the vibA-overexpressing transformant on conidial germination of D.

erythrospila. Morphologies of conidia are shown for D. erythrospila after 12 h of
incubation in 100% or diluted culture filtrate of WT E437 or the vibA-overex-
pressing transformant. Values in the image panels refer to concentrations of
endophyte culture filtrate. Percentages of germinated conidia after 12 h of
incubation in different concentrations of culture filtrates of E. festucae strains
are shown. The frequency of germinated conidia was calculated from at least
150 spores. Data are means 
 standard errors from three biological replicates
(�50 spores/experiment). Data marked with asterisks are significantly differ-
ent from the control (WT E437) as assessed by two-tailed Student’s t test (**,
P � 0.01).

FIG 6 vibA expression is enhanced when E. festucae is challenged by the
pathogen. A transformant expressing GFP under the control of the vibA pro-
moter (PvibA::GFP) was subjected to an inhibition assay with D. erythrospila.
The micrographs show GFP fluorescence of endophyte hyphae not confronted
(left) and challenged (right) by the pathogen.
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germination of D. erythrospila. In contrast, conidial germination
of the pathogen was not observed even in the culture filtrate of the
vibA-overexpressing transformant diluted to 25%, and short germ
tubes of the pathogen were seen in the 12% culture filtrate (Fig.
5B). These results showed that the vibA-overexpressing transfor-
mant produced approximately 10 times more inhibitory com-
pound than wild-type E437 did.

The nonantifungal wild-type Fl1 isolate gains inhibitory ac-
tivity by overexpression of vibA. The transformation vector
pNPP154, containing the Ptef::vibA cassette, was introduced into
the wild-type Fl1 isolate, which has no antifungal activity (9).
Transformants of Fl1 expressing vibA showed reduced radial
growth, i.e., the same as that of E437 overexpressing vibA (Fig. 4
and 8). The vibA-overexpressing Fl1 transformants showed inhib-
itory activity against D. erythrospila (Fig. 8A). The culture filtrate
of wild-type Fl1 had no inhibitory activity toward conidial germi-
nation of D. erythrospila, but the culture filtrate of Fl1 overex-
pressing vibA significantly inhibited the germination of pathogen
conidia (Fig. 8B). These results indicate that enhanced expression
of vibA is sufficient for a nonantifungal isolate to obtain antifungal
activity. Thus, VibA is a master transcription factor for the pro-
duction of antifungal compounds of symbiotic fungi.

Deletion of E. festucae vibA cancels the protective effect of
wild-type E437 infection in suppressing disease development
caused by D. erythrospila. Perennial ryegrass was inoculated with
E. festucae E437, the vibA mutant, or the vibA-overexpressing
transformant to investigate the effects of vibA knockout and over-
expression on the severity of disease symptoms on host plants. All
infected plants showed normal growth as endophyte-free plants,
and there was no obvious difference in the growth patterns of
endophyte strains in host plants (data not shown). Detached
leaves of perennial ryegrass without endophyte infection or in-
fected with E. festucae strains were inoculated with a conidial sus-
pension of D. erythrospila. Seven days after the inoculation, the
detached leaves of perennial ryegrass, regardless of endophyte sta-
tus, exhibited leaf spot lesions over the inoculated area (see Fig. S7
in the supplemental material). As previously reported (9), lesion

sizes on E437-inoculated ryegrass were smaller than those on en-
dophyte-free leaves. In contrast, the severity of disease symptoms
on leaves of vibA mutant-infected plants was comparable to that
on endophyte-free plants. Plants infected with the vibA-overex-
pressing transformant showed a disease severity similar to that of
E437-infected ryegrass.

DISCUSSION

Recently, we demonstrated that an E. festucae strain that produces
an antibiotic substance in culture medium reduced grass leaf spot
disease (D. erythrospila) development in perennial ryegrass (Lo-
lium perenne) (9). Although the chemical component of the in-
hibitory compound produced by this endophyte isolate has not
yet been identified, preliminary characterization of the endophyte
culture filtrate showed that the candidate inhibitory substance is a
low-molecular-weight bioactive compound (9). Using the afore-
mentioned bioprotective isolate of E. festucae, we report here the
involvement of a transcription factor in the biosynthesis and reg-
ulation of the inhibitory substance produced by the endophyte
against grass pathogens.

In this study, we isolated an E. festucae E437 mutant, desig-
nated mutant 830, that had lost antifungal activity against the test
pathogen D. erythrospila. Mutant 830 had a plasmid insertion in
the promoter region of the vibA gene, which encodes a putative
transcription factor homologous to N. crassa VIB-1. In N. crassa,
VIB-1 is required for the expression of genes involved in nonself
recognition, leading to heterokaryon incompatibility and cell
death (39). In filamentous fungi, heterokaryon incompatibility as
a consequence of nonself recognition is manifested by the rejec-
tion of heterokaryon formation among genetically different iso-
lates of the same fungal species (41). While hyphal cell fusion and
formation of a vegetative heterokaryon between different individ-
uals can be beneficial for fungi, as functional diploidy and for
formation of a hyphal network for nutrient transport and re-
source utilization (42), heterokaryon incompatibility can also
be advantageous to organisms, as a mechanism to reduce the
risk of transmission of infectious factors in cytoplasm and to avoid

FIG 7 Inhibitory activity of vibA-overexpressing transformant (Ptef::VibA-1) toward mycelial growth of grass pathogens. Colonies of E. festucae wild-type E437
(left side) and a vibA-overexpressing transformant (right side) were grown for 7 days before a mycelial plug of grass pathogen was inoculated. Each culture was
incubated at 23°C for 7 to 14 days, until a clear zone of inhibition was observed.
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exploitation by aggressive strains (41). In N. crassa, heterokaryon
incompatibility is genetically regulated by het loci, wherein genetic
differences can constrain heterokaryon formation (41). A loss-of-
function mutation in N. crassa vib-1 suppressed the het-c- and
mat-associated heterokaryon incompatibility; hence, heterokary-
osis by hyphal fusion occurred with strains with which the mutant

was formerly incompatible (38, 43). In addition to vegetative in-
compatibility, N. crassa VIB-1 is also involved in the negative reg-
ulation of conidiation, formation of aerial hyphae, development
of protoperithecia (female reproductive structures), and produc-
tion of extracellular protease (38, 43, 44).

VibA (VIB-1) contains an NDT80/PhoG DNA binding do-
main. Several studies have shown that transcription factors with
an NDT80/PhoG DNA binding domain have diverse functions in
different Ascomycota species. In Saccharomyces cerevisiae, Ndt80p
is a transcriptional regulator of meiosis and sporulation. S. cerevi-
siae Ndt80p binds to a 9-bp regulatory sequence in the promoter
regions of target genes, called the middle sporulation element
(MSE), and is expected to directly activate �150 genes, including
those related to multiple processes for meiotic commitment and
sporulation (45–47). On the other hand, in Candida albicans,
Ndt80p was isolated as a regulator of the gene for a drug efflux
pump: CDR1. Further analyses indicated that C. albicans Ndt80p
is also involved in the regulation of a large number of genes for
diverse biological functions, including sterol metabolism and
drug resistance (48, 49). The N. crassa genome has three genes
encoding putative transcription factors with an NDT80/PhoG
DNA binding domain (44). None of them is required for meiosis,
while VIB-1 and FSD-1 (the closest homologue of yeast Ndt80p)
are both involved in the formation of protoperithecia (44).

Among the limited reports on functional analyses of vib-1 ho-
mologues in filamentous Ascomycota fungi, the vib-1 orthologue
in Aspergillus nidulans, xprG (phoG), was shown to be involved in
protease production in response to nutrient limitation. Deletion
mutants of xprG cannot utilize proteins as a carbon or nitrogen
source (50). More recently, Katz et al. (51) reported that XprG
regulates a large number of genes in response to carbon starvation,
including the genes required for the production of secondary me-
tabolites, such as penicillin and sterigmatocystin. The E. festucae
vibA mutant, like the N. crassa vib-1 and A. nidulans xprG mutants
(39, 50), is also defective in the production of extracellular pro-
tease. It is therefore likely that the positive regulation of protease
production is a conserved role of VIB-1-like transcription factors
in filamentous Ascomycota fungi.

While no particular report has implicated the protease gene as
essential in the execution of cell death during heterokaryon in-
compatibility, a strong increase in the cellular proteolytic activity
has been observed during the incompatibility reaction in Po-
dospora anserina (52, 53). After fusion of incompatible individu-
als, rapid cytological changes of hyphal cells, including vacuoliza-
tion of the cytoplasm, were observed. This was followed by the
destruction of cytosolic compartments, further implicating the
involvement of cell lytic enzymes in the induction of cell death in
heterokaryon incompatibility. In contrast, the E. festucae E437
isolate, as a fungal antagonist, did not cause hyphal cell lysis of the
confronted pathogen but affected its active apical hyphal growth
and differentiation activity (9). The antifungal compound pro-
duced by the E437 isolate in culture is a thermostable, low-molec-
ular-mass (�3.5 kDa) compound (9). Additionally, the extracel-
lular protease production ability of E. festucae wild-type isolates
was not necessarily associated with antimicrobial activity in cul-
ture (9). Further supporting this deduction are the two E. festucae
E437 nonantifungal mutants we isolated recently, T547 and T692,
which show extracellular protease activity comparable to that of
wild-type E437 (T. Hashikawa and D. Takemoto, unpublished
data). Altogether, the data show that, given that NDT80/PhoG-

FIG 8 Gain of function in nonantifungal isolate Fl1 by expression of vibA. (A)
Inhibitory activities of mycelial colonies of E. festucae wild-type Fl1 [WT
(Fl1)], wild-type E437 [WT (E437)], and a vibA-expressing Fl1 transformant
(Ptef::VibA-1 Fl1) against D. erythrospila. (B) Percentages of germinated
conidia after 12 h of incubation in culture filtrates of E. festucae strains. The
frequency of germinated conidia was calculated from at least 150 spores. Data
are means 
 standard errors from three biological replicates (�50 spores/
experiment). Data marked with asterisks indicate significant differences as
assessed by two-tailed Student’s t test (**, P � 0.01).
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type transcription factors of S. cerevisiae, C. albicans, and A. nidu-
lans have large numbers of direct target genes (45, 49, 51), it is
likely that the genes for the production of inhibitory metabolites
in E. festucae, rather than the cell lytic enzymes, are critical targets
of VibA for the antifungal activity of the endophyte.

Pathogen recognition is not essential for isolate E437 to pro-
duce the inhibitory compound in culture, but it is probably an
important cue for enhanced synthesis of the inhibitory com-
pound. Under our experimental conditions, despite the fact that
we did not quantify the intensity of GFP fluorescence, an elevated
fluorescence intensity of GFP under the control of the vibA pro-
moter was obvious when the endophyte colony was cocultured
with D. erythrospila. The increased expression of GFP was ob-
served despite the 5-mm gap between colonies of the pathogen
and the endophyte. Relative to the hyphal diameter of the two
interacting fungal species, a 5-mm zone of inhibition can be an
extremely long distance for the endophyte to directly recognize
the presence of the pathogen. Diffusible secretory products from
the pathogen might be recognized as extraneous substances by the
endophyte. Alternatively, a few directly confronted endophytic
hyphae might induce the response of the remaining cells via intra-
colony communication. As for the case of fungal heterokaryon
incompatibility, induction of cell death occurred when cells of
incompatible individuals fused and products of het loci directly
interacted in continuous cytosol (41). Collectively, our results im-
ply that while the phenomena of heterokaryon incompatibility
and the antagonistic effect of the endophyte against pathogens are
both consequences of nonself recognition, the factors affecting the
induction of responses are apparently distinct from each other.

Overexpressing the vibA gene from the genome of an antifun-
gal epichloae isolate increased the amount of inhibitory com-
pound produced by the transformant. The antifungal activity of
the culture filtrate of the vibA-overexpressing transformant was
about 10 times stronger than that of the wild type. Consequently,
compared with that for the wild-type isolate, a wider zone of in-
hibition was observed in the dual-culture assay involving the vibA-
overexpressing transformant. Moreover, the ability of the vibA-
overexpressing transformant to inhibit test pathogens that were
not inhibited by the wild-type isolate indicates that the test patho-
gens have different levels of sensitivity to the inhibitory com-
pound produced by the endophyte. R. solani and S. homoeocarpa
are fast-growing fungi, so it seems likely that a higher concentra-
tion of inhibitory endophyte product is needed to inhibit the my-
celial growth of these two pathogens. Furthermore, overexpress-
ing vibA in the nonantifungal E. festucae wild-type isolate Fl1
seemingly increased the quantity of the synthesized inhibitory
compound to a certain concentration that was effective to inhibit
the mycelial growth and conidial germination of D. erythrospila.
This apparent effective antifungal concentration threshold was
also evident when the wild-type E437 culture filtrate diluted to
75% did not exhibit antifungal activity against D. erythrospila.

The production of antifungal compound is not proportional to
the expression activity of VibA as a transcription factor. Com-
pared with the vibA expression level in the antifungal wild-type
isolate, the vibA expression level in mutant 830 was about 20%.
However, the culture filtrate of mutant 830 had no inhibitory
activity. Conversely, the expression level of vibA in the Ptef::vibA
transformant was only 1.5 times more than that in the wild type,
but the inhibitory activity of the culture filtrate of the same trans-
formant was about 10 times stronger than that of the wild type.

Nonetheless, the expression level of vibA in the Ptef::vibA trans-
formant was surprisingly low considering that it was under the
control of the highly expressive TEF promoter. One possible ex-
planation for this is that increasing the expression of vibA incurs a
developmental cost to the endophyte, as demonstrated by the re-
duced hyphal growth of the vibA-overexpressing transformants.
On the other hand, the vibA expression level in the nonantifungal
wild-type isolate Fl1 was about 60% that in the E437 wild-type
isolate, but introduction of the Ptef::vibA cassette conferred anti-
fungal activity to Fl1. This observed difference may have been due
to the two amino acid substitutions between VibA proteins of the
antifungal (E437) and nonantifungal (Fl1) E. festucae isolates (see
Fig. S6 in the supplemental material). This amino acid difference
could possibly affect the activity of VibA as the transcription factor
to induce target genes required for the production of the antifun-
gal compound.

In summary, we identified E. festucae VibA, a transcription
factor containing an NDT80/PhoG DNA binding domain, as an
essential factor for the antifungal activity of endophytic fungi
against grass pathogens. A deletion mutant of vibA lost its antifun-
gal activity against grass pathogens, whereas a nonantifungal en-
dophyte isolate acquired antifungal activity by enhanced expres-
sion of vibA. Therefore, VibA could be a master transcription
factor for the expression of antifungal activity of E. festucae. Except
for the regulation of the gene expression of pin-c, tol, and het-6,
which are involved in heterokaryon incompatibility in N. crassa,
direct target genes and the promoter motif for the VIB-1-like tran-
scription factor are largely unknown for filamentous Ascomycota
fungi. To identify genes directly regulated by the VibA protein of
endophytes, transcriptome analyses of vibA deletion mutant and
overexpression transformants will be performed. Additionally,
further analyses of nonantifungal mutants of E. festucae may re-
veal not only the molecular mechanisms for the production of
antifungal compound by the endophytic fungus but also the over-
lapping and distinct mechanisms between intraspecies hetero-
karyon incompatibility and interspecies antagonistic interactions.
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