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Mutualistic fungal endophytes infect many grass species and often confer benefits to the hosts such as reduced herbivory
by insects and animals. The physiological interactions between the endophytes and their hosts have not been well
characterized. Fungal-secreted proteins are likely to be important components of the interaction. In the interaction between
Poa ampla and the endophyte Neotyphodium sp., a fungal �-1,6-glucanase is secreted into the apoplast, and activity of the
enzyme is detectable in endophyte-infected plants. Sequence analysis indicates the �-1,6-glucanase is homologous to
enzymes secreted by the mycoparasitic fungi Trichoderma harzianum and Trichoderma virens. DNA gel-blot analysis indicated
the �-1,6-glucanase was encoded by a single gene. As a secreted protein, the �-1,6-glucanase may have a nutritional role for
the fungus. In culture, �-1,6-glucanase activity was induced in the presence of �-1,6-glucans. From RNA gel blots, similar
�-1,6-glucanases were expressed in tall fescue (Festuca arundinacea Schreb.) and Chewings fescue (Festuca rubra L. subsp.
fallax [Thuill] Nyman) infected with the endophyte species Neotyphodium coenophialum and Epichloë festucae, respectively.

Fungal endophytes of the genus Neotyphodium (for-
merly Acremonium; Glenn et al., 1996) infect many
grass species, some of which are important turf and
forage grasses. The fungi colonize the intercellular
spaces of the aerial plant parts but do not invade the
plant cells. The endophyte-grass associations are gen-
erally considered to be mutualistic symbioses (Clay,
1988). In many associations, the production of alka-
loids by the fungus results in reduced herbivory by
insects and animals, thus benefiting the host (Breen,
1994; Bush et al., 1997). The fungi benefit from the
access to nutrients provided by the plants.

Within the past 20 years, considerable knowledge
has been gained on the synthesis and effects of alka-
loids, the genetics and taxonomic relationships of
endophytes, and the ecological effects of endophyte
infection (Clay, 1990; Siegel and Schardl, 1991;
Schardl, 1996; Bush et al., 1997). The physiological
aspects of the endophyte-grass interactions have not,
however, been well characterized in any system. We
are investigating the physiology of the fungus-grass
interaction with the long-range objective of eventu-
ally being able to manipulate agriculturally impor-
tant interactions. We are using the Poa ampla cv Ser-
vice (big bluegrass)/Neotyphodium sp. interaction as a
model system for the grass/fungus interaction (Lind-
strom et al., 1993). P. ampla is apomictic, so we have
a ready supply of plants of identical genotype. We
also have uninfected plants of the identical genotype,

which were identified in older seed lots in which the
endophyte had lost viability.

Almost nothing is known of the proteins relevant
to the interaction between the plant hosts and the
fungal endophytes. We are interested in fungal-
secreted proteins because they are likely to be impor-
tant components of the mutualistic interaction be-
cause they are located at the interface of the two
species. We have previously reported on a fungal
subtilisin-like proteinase and an invertase detected in
endophyte-infected plants (Lindstrom et al., 1993;
Lindstrom and Belanger, 1994; Lam et al., 1995;
Reddy et al., 1996). Both of these enzymes are fungal-
secreted proteins. Invertase is certainly involved in
nutrient acquisition from the apoplast. The physio-
logical role of the proteinase is not yet known, but
homologous proteinases are considered to play an
important role in the pathogenicity of entomopatho-
genic, nematophagous, and mycoparasitic fungi by
degrading the protein linkages in the hosts’ outer
integument (Geremia et al., 1993; Bonants et al., 1995;
St. Leger, 1995). From protein sequencing, we have
identified additional fungal-secreted proteins ex-
pressed in the infected plants. Here, we report the
characterization of a fungal �-1,6-glucanase that is
found in the apoplast of endophyte-infected (E�)
P. ampla.

RESULTS

Detection of �-1,6-Glucanase Sequences from an
Apoplastic Protein

Apoplastic proteins were isolated from endophyte-
free (E�) and endophyte-infected (E�) plants and
were separated by SDS-PAGE. A number of protein
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bands were prominent in the sample from the E�
plants but not in the sample from the E� plants (Fig.
1). The prominent band at approximately 34 kD in
the E� sample is the fungal subtilisin-like proteinase,
which we previously characterized (Lindstrom and
Belanger, 1994; Reddy et al., 1996).

Peptides from the 47-kD band in the E� sample
were subjected to both tandem mass spectrometry
(MS/MS) and Edman degradation. Four peptide se-
quences (WDSGDPR, TELNDPR, NVYQDVCANYR,
and DAGNQKFETHWR) were obtained that were
similar to predicted trypsin peptides from an endo-
�-1,6-glucanase from the fungus Trichoderma harzia-
num (Lora et al., 1995). Degenerate oligonucleotides
based on the peptide sequence NVYQDVC and on a
sequence conserved among the T. harzianum �-1,6-
glucanase and three exo-�-1,3-glucanases (Lora et al.,
1995) were used in PCR of a cDNA library prepared
from E� P. ampla leaf sheath tissue. A 900-bp ampli-
fied band was cloned whose sequence was homolo-
gous to the T. harzianum endo-�-1,6-glucanase. Be-
cause the sequence was similar to a reported fungal
sequence, it was considered to have originated from
the fungal endophyte rather than from the host plant
and to likely encode a �-1,6-glucanase. These as-
sumptions were confirmed by subsequent analyses
described below. The PCR clone was used to screen
the cDNA library, and a full-length clone was
obtained.

The nucleotide and deduced amino acid sequences
of the full-length clone are shown in Figure 2. A
429-amino acid protein with an Mr of 48,043 is
predicted from the cDNA sequence. The two pep-
tide sequences (DAGNQKFETHWR and NVYQDV-
CANYR) obtained from Edman degradation of
peptides generated from the 47-kD apoplastic pro-
tein band are precisely predicted from the cDNA
sequence. MS/MS sequencing predicted two pep-
tide sequences (WDSGDPR and TELNDPR) which
are encoded by the cDNA but with single-amino
acid differences in each sequence (WDSGNPR and

TQLNDPR). These discrepancies are likely attribut-
able to the nature of the MS/MS technique, which
compares the mass of the peptide with a database of
predicted trypsin peptides from GenBank entries. In
both cases, there was only a single mass unit differ-
ence between the peptide sequences predicted by
the MS/MS sequencing and those predicted by the
cDNA sequence.

Because the protein band was isolated from apo-
plastic proteins, it was expected to be a secreted
protein with an N-terminal signal sequence. Analysis

Figure 1. SDS-PAGE analysis of apoplastic proteins isolated from E�
and E� leaf sheaths. The molecular masses of the protein standards
are indicated in kilodaltons. Arrow indicates the 47-kD band con-
taining the �-1,6-glucanase.

Figure 2. Nucleotide sequence and deduced amino acid sequence
of the �-1,6-glucanase cDNA clone. The protein-coding regions are
in uppercase letters and the 5�- and 3�-flanking regions are in low-
ercase letters. The sequences corresponding to the experimentally
determined amino acid sequences are underlined with a solid line.
The sequence corresponding to the conserved region used for one of
the degenerate oligonucleotides is underlined with a dashed line.
The predicted signal sequence cleavage site and the proenzyme
cleavage site are indicated by arrows.
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of the predicted N-terminal amino acid sequence
using a neural network method identified a signal
sequence cleavage site between amino acids 17 (A)
and 18 (W; Nielsen et al., 1997; http://www.cbs.dtu.
dk/services/SignalP/index.html). There are no po-
tential N-glycosylation sites of NXT/S in the amino
acid sequence of the mature protein.

Similarity of the Neotyphodium sp. �-1,6-Glucanase to
Other Sequences

Only two other sequences similar to the Neoty-
phodium sp. �-1,6-glucanase amino acid sequence
have been reported. Both are from the biocontrol
fungi T. harzianum and Trichoderma virens (Lora et al.,
1995; Kim et al., 2002). Both Trichoderma spp. are
soil-borne filamentous fungi that are potent myco-
parasites of a many-plant pathogenic fungi (Papavi-
zas, 1985; Chet, 1987). A comparison of the deduced
amino acid sequences of the Neotyphodium sp. �-1,6-
glucanase and those from the Trichoderma spp. is
shown in Figure 3. The endophyte amino acid se-
quence is 76% identical to that of T. virens and 73%
identical to that of T. harzianum. At the DNA level,
the Neotyphodium sp. sequence is 72% and 74% iden-
tical to the sequences of T. virens and T. harzianum,
respectively.

On the basis of sequence comparisons, the relation-
ship of the Trichoderma spp. �-1,6-glucanases to fam-
ily 5 glycosyl hydrolases was recognized previously
(Lora et al., 1995; Kim et al., 2002). Most members of

family 5 are exo-�-1,3-glucanases or endo-�-1,4-
glucanases (Henrissat and Davies, 1997; http://www.
expasy.ch/cgi-bin/lists?glycosid.txt). The active site
residues of the Candida albicans exo-�-1,3-glucanase
have been determined from crystallography (Cut-
field et al., 1999). Although there is only 22% overall
sequence identity, six of the eight amino acid resi-
dues in the active site of the exo-�-1,3-glucanase are
conserved in the Neotyphodium and Trichoderma �-1,6-
glucanases, including both catalytic residues E-192
and E-292 (Fig. 4).

Expression of the Endophyte �-1,6-Glucanase in
Brewer’s Yeast (Saccharomyces cerevisiae)

The endophyte �-1,6-glucanase was expressed in
Brewer’s yeast with the aim of purifying it from the
medium and confirming the enzymatic activity. No
�-1,6-glucanase activity could be detected in the me-
dium, but activity could be detected in cell extracts.
Crude extracts of Brewer’s yeast cells transformed
with the endophyte �-1,6-glucanase expression vec-
tor had twice the �-1,6-glucanase activity when com-
pared with extracts from cells transformed with the
vector alone (Table I). These results confirmed that
the Neotyphodium sp. cDNA clone encoded a �-1,6-
glucanase. Brewer’s yeast does not have a homolo-
gous �-1,6-glucanase sequence in its genome (Gof-
feau et al., 1996), and no enzyme preferentially
cleaving �-1,6-glucans has been reported. Brewer’s
yeast cytoplasmic �-1,3-glucanases that preferen-

Figure 3. Comparison of the deduced amino
acid sequences of the Neotyphodium sp. �-1,6-
glucanase and the T. virens and T. harzianum
homologs. Boxes enclose identical amino acids.
The position of the N terminus of the mature
proteins, experimentally determined for the
Neotyphodium sp. and T. harzianum se-
quences, is indicated by an arrow. GenBank
accession numbers for the corresponding DNA
sequences are: Neotyphodium sp., AF535131;
T. virens, AF395757; and T. harzianum,
X79197.
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tially cleave laminarin, predominantly a �-1,3-
glucan, but that also cleave pustulan, a �-1,6-glucan,
have been reported (Hien and Fleet, 1983). The back-
ground activity seen in extracts of Brewer’s yeast
cells transformed with the vector only likely origi-
nates from these endogenous enzymes.

We had expected that the signal sequence of the
Neotyphodium sp. would be recognized in Brewer’s
yeast and target the protein for secretion. Expression
of the T. harzianum enzyme in Brewer’s yeast was
reported to result in secretion, as assessed by a clear-
ing zone surrounding the yeast colony when grown
on pustulan (Lora et al., 1995). The T. harzianum
enzyme has also been expressed in the yeast Pichia
pastoris and was secreted into the medium (Bom et
al., 1998).

Because the Neotyphodium sp. and the T. harzianum
�-1,6-glucanase signal peptide sequences are similar
and the predicted cleavage sites are identical, it was
surprising that the Neotyphodium sp. enzyme was not
secreted into the medium. To confirm that the se-
quence surrounding the presumed signal peptide
cleavage site in the yeast expression vector had not

undergone a mutation, we isolated the plasmid from
the yeast transformant and sequenced the N-terminal
region of the coding sequence. No mutation in the
sequence had occurred. The reason the enzyme was
retained within the cell rather than secreted is not
known.

�-1,6-Glucanase Induction in the Presence of
�-1,6-Glucans

The �-1,6-glucanase was secreted into the medium
of the Neotyphodium sp. endophyte when grown in
culture. The level of �-1,6-glucanase activity secreted
into the medium was determined in four different
culture formulations to determine optimal conditions
for production of the enzyme. Regulation of �-1,6-
glucanase expression has been reported for a number
of fungal species (Lora et al., 1995; Pitson et al., 1997).

Autoclaved yeast cells and potato dextrose broth
were used as undefined rich media, which differ
regarding the presence of �-1,6-glucans. Yeast cell
walls contain �-1,6-glucans (Manners et al., 1973),
which represent approximately 12% to 15% of the cell
wall carbohydrate polymers (Magnelli et al., 2002).
None would be expected in potato dextrose broth
because plant cells do not contain �-1,6-glucans (Var-
ner and Lin, 1989). �-1,6-Glucanase activity in a
semidefined medium, tryptone-0.1% (w/v) Suc (Lam
et al., 1995), was compared with that in the same
medium also containing 1% (w/v) pustulan. A low
Suc concentration was used to simulate the low nu-
trient conditions found in the plant apoplast.

The amount of total secreted proteins and �-1,6-
glucanase specific activity in the four media were
determined over a period of 5 d (Fig. 5). The total
protein data presented in Figure 5 is the protein level
in the media after subtracting the protein contributed

Figure 4. Comparison of the amino acid se-
quences of the Neotyphodium sp. �-1,6-
glucanase with the C. albicans exo-�-1,3-
glucanase. The pre-pro regions of the proteins
are not included, and the numbering begins
with the first amino acid of the mature enzymes.
Spaces were inserted to maximize alignment.
The experimentally determined active site resi-
dues in the exo-1,3-glucanase are indicated by
asterisks. The GenBank accession number for
the C. albicans enzyme is X56556.

Table I. �-1,6-Glucanase activity of yeast cells transformed with
the pYES2-glucanase expression vector or pYES2 vector-only
control

Activity was assayed in two separate experiments. Data shown are
the means and SEs of three replicates. One unit is the amount of
enzyme that catalyzes the release of 1 �mol Glc min�1. Within each
experiment, different letters signify statistical significance at P � 0.05.

Experiment
�-1,6-Glucanase Activity

Glucanase transformant Vector control

units mg�1

1 0.346 � 0.01 a 0.153 � 0.03 b
2 0.286 � 0.02 a 0.150 � 0.03 b

Fungal Endophyte Glucanase
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from the media itself, and so represents the protein
secreted by the endophyte. �-1,6-Glucanase activity
could be detected in the media from all four formu-
lations but was dramatically higher in the two con-
taining �-1,6-glucans. At the 120-h point, the �-1,6-
glucanase specific activity was 7.5-fold higher in the
yeast cell medium relative to the potato dextrose
broth and 24-fold higher in the tryptone-Suc � pus-

tulan relative to the tryptone-Suc alone. In the com-
parison of the two undefined rich media, the amount
of secreted proteins produced was actually lower in
the yeast cell media compared with the potato dex-
trose broth, but the �-1,6-glucanase specific activity
was higher. With the two tryptone-Suc media, the
amount of secreted proteins produced was essen-
tially the same up to the 96-h time point, but the
�-1,6-glucanase specific activity was higher in the
presence of pustulan beginning at 72 h in culture.
Taken together, these results indicate that expression
of the Neotyphodium sp. �-1,6-glucanase is dependent
on culture conditions and may be induced in the
presence of �-1,6-glucans.

Partial Purification of the Endophyte �-1,6-Glucanase

Because the highest �-1,6-glucanase specific activ-
ity was obtained when the endophyte was grown in
the yeast cell medium, that medium was chosen as
the source of enzyme for purification. The �-1,6-
glucanase was partially purified by affinity binding
to its substrate, pustulan. With this method, a 28-fold
purification could be achieved in one step (Table II).
The partially purified enzyme had two major protein
bands at 88 and 47 kD when subjected to SDS-PAGE
(Fig. 6). The 47-kD band corresponded to the size of
the apoplastic protein band from which the �-1,6-
glucanase peptide sequences were obtained. The
N-terminal sequence of the 47-kD protein band was
determined to be FAPSLPKG, which is predicted by
the cDNA from amino acids 41 to 48. This implies
that there is another proteolytic processing step after
cleavage of the signal peptide that removes 23 addi-
tional amino acids. The calculated Mr of the mature
protein based on the sequence data is 43,603, slightly
smaller than that predicted from SDS-PAGE. The
N-terminal sequence of the mature enzyme is at the
same relative position and is similar to that deter-
mined for the T. harzianum enzyme (Lora et al., 1995).
Both N-terminal sequences are immediately pre-
ceded by the amino acid sequence KR, a KEX2 pro-
tease recognition site (Julius et al., 1984).

Substrate Specificity of the Endophyte �-1,6-Glucanase

The activity of the partially purified �-1,6-glu-
canase was determined against glucan substrates
with different linkages (Table III). The enzyme was
most active against pustulan, a �-1,6-glucan, and had
weaker activity against laminarin, which has pre-

Figure 5. Total secreted protein and �-1,6-glucanase specific activity
in the media of Neotyphodium sp. grown in different culture formu-
lations. PDB, Potato dextrose broth; TS, tryptone-Suc.

Table II. Partial purification of �-1,6-glucanase from the culture filtrate of the Neotyphodium sp. grown in yeast cell
medium

Fraction Total Protein Total Activity Specific Activity Purification

mg units units mg�1

Culture filtrate 400 69 0.017 1
Pustulan adsorption 0.06 0.28 0.48 28.2
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dominantly �-1,3-linkages with some �-1,6-linkages.
The enzyme had no activity against carboxymethyl-
cellulose or dextran that have �-1,4 and �-1,6 link-
ages, respectively.

�-1,6-Glucanase Activity in E� Plants

�-1,6-glucanase enzymatic activity (0.8 � 0.1 �mol
Glc released mg�1 protein) was detected in E� leaf
sheath crude extracts. No activity was detected in E�
leaf sheaths, so all of the activity detected in the E�
plants can be attributed to the endophyte. No �-1,6-
glucanase enzymes have been reported for any plant
species. Because the endophytic hyphae are a small
component of the leaf sheath mass, the endophytic
proteins are expected to be a small component of a
leaf sheath extract. Even so, the fungal �-1,6-
glucanase was present in detectable levels.

�-1,6-Glucanase Message in Infected Plant
Tissue and in Cultured Fungus

The �-1,6-glucanase message could be detected in
total RNA extracted from infected P. ampla leaf
sheaths and from the fungus cultured with pustulan
or laminarin (Fig. 7A). No hybridization was detect-
able in RNA from endophyte-free plants, indicating
that the host, P. ampla, does not express a highly
similar �-1,6-glucanase.

�-1,6-Glucanase message was also detected in RNA
extracted from other endophyte-infected grass spe-
cies (Fig. 7B). Hybridization with RNA extracted
from tall fescue infected with Neotyphodium coenophi-
alum Morgan-Jones and Gams, and Chewings fescue
(Festuca rubra L. subsp. fallax [Thuill] Nyman) in-
fected with Epichloë festucae (Leuchtmann et al., 1994)
indicates that a homologous glucanase is also ex-
pressed by other endophyte species in their host
plants. Hybridization was also detected in RNA from
a Chewings fescue artificially inoculated with the
Neotyphodium sp. endophyte that infects P. ampla
(Johnson-Cicalese et al., 2000). The hybridization in-
tensities varied among the four RNA samples from
the different infected plant species. It is impossible to
know whether this is attributable to different levels
of expression in the different fungal species or to
different amounts of fungal tissue within the infected
plants.

Table III. Substrate specificity of the partially purified �-1,6-glu-
canase from Neotyphodium sp. after affinity adsorption to pustulan

Substrate, Linkage Relative Activity

%

Pustulan, �-1,6 100
Laminarin, �-1,3; �-1,6 12
Carboxymethylcellulose, �-1,4 0
Dextran, �-1,6 0

Figure 6. SDS-PAGE analysis of the partially purified �-1,6-
glucanase. Lane 1, Partially purified �-1,6-glucanase obtained after
pustulan adsorption, 4.5 �g; lane 2, crude culture filtrate from the
Neotyphodium sp. grown in yeast cell medium, 15 �g. The arrow
indicates the position of the 47-kD band. The molecular masses of
the protein standards on the left are indicated in kilodaltons.

Figure 7. RNA gel-blot analysis of �-1,6-glucanase transcripts. A,
Lane 1, E� P. ampla; lane 2, E� P. ampla; lane 3, Neotyphodium sp.
grown on 0.5% (w/v) pustulan; lane 4, Neotyphodium sp. grown on
0.5% (w/v) laminarin. Fifteen micrograms of total RNA was used from
E� and E� P. ampla leaf sheaths. Ten micrograms of total RNA was
used from the Neotyphodium sp. fungal cultures. B, Lane 1, E� P.
ampla; lane 2, E� P. ampla; lane 3, E� Chewings fescue; lane 4, E�
tall fescue; lane 5, Chewings fescue 1117 artificially infected with the
Neotyphodium sp. Four micrograms of poly(A�) RNA was used for
each sample.
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�-1,6-Glucanase Is Encoded by a Single Gene

Gel-blot analysis of the Neotyphodium sp. DNA hy-
bridized with the �-1,6-glucanase 900-bp PCR frag-
ment indicated that the glucanase is encoded by a
single gene. When the DNA was digested with re-
striction enzymes for which there are no sites in the
glucanase cDNA EcoRV, HindIII, KpnI, XbaI, and
XhoI, only single hybridizing bands were detected
(Fig. 8). When the DNA was digested with enzymes
that have single restriction sites within the glucanase
cDNA EcoRI and SalI, single hybridizing bands were
also seen because the restriction sites were either
outside of or close to the 5� end of the 900-bp glu-
canase fragment used as a probe. These data indicate
that there are no additional closely related glucanase
genes in the Neotyphodium sp. genome. Two distinct
�-1,6-glucanases have been reported from T. harzia-
num (de la Cruz et al., 1995; de la Cruz and Llobell,
1999).

DISCUSSION

This is the first report, to our knowledge, of
expression of a fungal �-1,6-glucanase in an endo-
phyte-infected grass. The glucanase was originally
identified from peptide sequencing of an apoplastic
protein isolated from infected leaf sheaths, indicating
that the enzyme accumulates to detectable levels in
the plant. The enzymatic activity and fungal origin of
the �-1,6-glucanase were confirmed by partial puri-
fication from the medium of the endophyte grown in
culture. The homologous �-1,6-glucanase from T. har-
zianum was determined be an endoglucanase (de la
Cruz et al., 1995). Considering the level of identity

between the two enzymes, the Neotyphodium sp. en-
zyme is likely also to act as an endoglucanase. In
culture, the level of the enzyme was induced up to
24-fold in the presence of �-1,6-glucans.

The cell walls of fungi generally contain chitin,
�-1,3-glucans, and �-1,6-glucans in varying propor-
tions (Wessels, 1994). The steady-state model of hy-
phal wall growth describes the deposition of wall
material and secretion of hydrolytic enzymes (Wes-
sels, 1994, 1999). Hyphal growth occurs from the tip
where �-1,3-glucans and chitin are deposited. At the
plastic tip area of growing hyphae, hydrolytic en-
zymes are secreted by bulk flow and are crucial for
the breakdown of environmental polymers that are
nutrient sources for the fungi. Behind the growing
tip, cross-linking of the wall components by �-1,6-
glucans contributes to rigidification of the wall. In
this model, supported by considerable experimental
data, enzymatic wall loosening is not necessary for
tip growth, and secretion of the hydrolytic enzymes
required for nutrition is not impeded by a rigid wall
(Sietsma et al., 1995). Wall loosening by the action of
hydrolytic enzymes would be required only for pro-
cesses such as hyphal branching and sporulation,
which require modification to the mature, rigid fun-
gal wall (Wessels, 1999).

Although the production of �-1,6-glucanases by
fungi has been known for decades (Reese et al., 1962),
their physiological function has not been conclu-
sively established in any species. �-1,6-Glucanases
have been purified from a number of fungal species
including Acremonium persicinum, Neurospora crassa,
Rhizopus chinensis, Penicillium spp., and Saccharomy-
copsis fibuligera (Yamamoto et al., 1974; Santos et al.,
1979; Schep et al., 1984; Hiura et al., 1987; Mulenga
and Berry, 1994; Pitson et al., 1996). The only DNA
sequences reported to date, however, are from two
mycoparasitic fungi, T. harzianum and T. virens (Lora
et al., 1995; Kim et al., 2002).

As secreted hydrolytic enzymes, �-1,6-glucanases
likely have a role in fungal nutrition by degrading
glucan polymers in their environment. The soil fun-
gus A. persicinum secretes an extracellular �-1,6-
glucanase that may participate synergistically with
other enzymes in the degradation of an extracellular
storage glucan synthesized by this species (Stasino-
poulos and Seviour, 1989; Pitson et al., 1991). Myco-
parasitic fungi secrete enzymes capable of degrading
the cell walls of their hosts. �-1,6-Glucanase secretion
by T. harzianum is considered to be a component that
acts synergistically with other hydrolytic enzymes in
the mycoparasitism of that species (de la Cruz et al.,
1995).

Secretion of the Neotyphodium sp. �-1,6-glucanase
into the apoplast of the infected plants suggests it has
a role in nutrition of the endophyte. Plant cell walls,
however, do not contain �-1,6-glucans (Varner and
Lin, 1989), so the substrate for the �-1,6-glucanase is
likely of fungal origin. The �-1,6-glucanase may func-

Figure 8. DNA gel-blot analysis of Neotyphodium sp. DNA. Twelve
micrograms of total DNA per sample was digested with the indicated
restriction enzymes, fractionated by electrophoresis on an agarose
gel, transferred onto a nylon membrane, and hybridized with the
radiolabeled �-1,6-glucanase 900-bp PCR clone.

Moy et al.
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tion in degradation and reassimilation of the endo-
phytic cell wall. It is not known whether the endo-
phytes synthesize extracellular storage glucans that
could be substrates for the enzyme. The �-1,6-
glucanase may function in the branching of the fun-
gal hyphae. Within the infected plants, the hyphae
generally run parallel to the leaf axis but are occa-
sionally branched (Siegel et al., 1987). It is also pos-
sible the �-1,6-glucanase could function in the deg-
radation of the walls of other fungi that may be
encountered within the host plants. This last possi-
bility is interesting because in some plant-fungus
associations, endophyte infection results in improved
disease resistance (Clarke et al., 2002). The endophyte
would gain access to nutrients with the result of
protecting the plants from potential pathogens. The
remarkable similarity of the amino acid sequence of
the Neotyphodium sp. enzyme to that of T. harzianum
and T. virens suggests that the enzymes have similar
substrate affinities.

In addition to the intercellular endophytic location,
the Neotyphodium sp. infecting P. ampla and some
other endophyte species also are found epiphytically
(Moy et al., 2000). The epiphyllous mycelium was
proposed to function as a defensive net preventing
colonization of the leaf surface by other organisms. If
hydrolytic enzymes such as �-1,6-glucanase and the
subtilisin-like protease are also secreted on the leaf
surface, they could be components of the proposed
niche exclusion (Moy et al., 2000).

MATERIALS AND METHODS

Plant Material

Neotyphodium sp.-infected (E�) Poa ampla cv Service (PI 387931) plants
were used in this study. This cultivar was released by the Alaska Depart-
ment of Natural Resources as an improved roadside grass. Neotyphodium
sp.-free (E�) plants were obtained from infected seed that lost viable
endophytes as a result of long-term storage. Because of apomixis, all plants
were genetically identical. P. ampla leaf sheaths were examined microscop-
ically for the presence or absence of endophyte infection by aniline blue
staining (Bacon and White, 1994).

Fungal Culture

Cultures of Neotyphodium sp. were obtained from infected P. ampla plants.
Leaf sheaths from infected plants were surface sterilized for 15 min in 1.25%
(w/v) sodium hypochlorite (20% [v/v] bleach), rinsed in sterile water, and
then placed on potato dextrose agar (PDA) medium (Difco Laboratories,
Detroit). After incubation at 24°C for 2 to 3 weeks in darkness, fungal
mycelia emerged from plant tissue. Fungal cultures were subsequently
subcultured and maintained on PDA plates. If the culture was to be used for
nucleic acid extraction, PDA plates overlaid with cellophane sheets were
used.

For growth on pustulan or laminarin, the endophyte was grown on plates
of a minimal salts medium (M9; Maniatis et al., 1982) without Glc but
supplemented with 0.25% (w/v) yeast extract and either 0.5% (w/v) pus-
tulan (Calbiochem, La Jolla, CA) or 0.5% (w/v) laminarin (Sigma-Aldrich,
St. Louis).

Protein Electrophoresis

SDS-PAGE was performed in gels containing 10% (w/v) polyacrylamide
using a minigel apparatus (Bio-Rad, Hercules, CA). SDS sample buffer (2�)

contained 125 mm Tris-HCl, pH 6.8, 4.6% (w/v) SDS, 20% (v/v) glycerol,
and 0.002% (w/v) bromphenol blue (Laemmli, 1970). Gels were run at 200
V and stained with Coomassie Brilliant Blue.

Isolation and Peptide Sequencing of
Apoplastic Proteins

Leaf sheaths were cut to 2-cm lengths, cleaned, and vacuum infiltrated
for 30 min with 100 mm Tris-HCl, pH 8.0, 50 mm dithiothreitol, 10 mm
ascorbic acid, and 5 mm phenylmethylsulfonyl fluoride. The leaf sheaths
were washed with water three times, blotted dry, and collected in a 3-cc
syringe. The syringe was placed in a 50-mL tube and centrifuged at 2,000g
for 10 min at 4°C. The apoplastic fluid was collected and concentrated with
a Microcon YM-30 (Millipore Corporation, Bedford, MA). Thirty micro-
grams of protein was mixed with an equal volume of 2� SDS sample buffer,
heated at 100°C for 5 min, and subjected to SDS-PAGE. The bands of interest
were excised, and gel slices were washed with 50% (v/v) acetonitrile in
water. Sequence analysis of peptides generated by trypsin digestion was
performed by the Harvard Microchemistry Facility (Harvard University,
Cambridge, MA) by microcapillary reverse-phase HPLC nano-electrospray/
MS/MS on a Finnigan LCQ quadrupole ion trap mass spectrometer.

Nucleic Acid Isolation

Neotyphodium sp. DNA was isolated from 2-week-old cultures grown on
PDA overlaid with cellophane. The fungal mycelium was ground to a fine
powder in liquid nitrogen. The powdered mycelium was extracted in 500
mm NaCl, 100 mm Tris-HCl, pH 8.0, 50 mm EDTA, 1% (w/v) SDS, 10 mm
1,10-phenanthroline, and 0.07% (w/v) �-mercaptoethanol (Dellaporta et al.,
1983) in a ratio of 5 mL buffer g�1 tissue. The sample was extracted with an
equal volume of phenol, incubated at room temperature for 5 min, and
centrifuged at 5,000g for 10 min. The aqueous layer was then extracted once
with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1, v/v)
and once with chloroform:isoamyl alcohol (24:1, v/v). The DNA in the final
aqueous layer was precipitated by adding an equal volume of isopropanol.
The sample was incubated overnight at �20°C, and the DNA was collected
by centrifugation at 5,000g for 10 min. The DNA pellet was dissolved in 10
mm Tris-HCl, pH 8.0, and 1 mm EDTA and treated with 50 �g mL�1 RNase
for 30 min at 37°C. The DNA solution was extracted with phenol:chloro-
form:isoamyl alcohol as above and ethanol precipitated.

Total RNA was isolated from endophyte-infected and uninfected plants
and Neotyphodium sp. cultures using Tri-Reagent (Sigma-Aldrich). Fungal
and plant tissue were ground to a fine powder with liquid nitrogen and
resuspended in Tri-Reagent (10 mL g�1). Debris was pelleted by centrifu-
gation and the supernatant was extracted once with chloroform. The aque-
ous layer was precipitated with isopropanol, and the RNA pellet was
washed once with ethanol and dissolved in water. Poly(A�) RNA was
isolated from total RNA using a commercial kit (Oligotex mRNA Purifica-
tion Midi Kit, Qiagen USA, Valencia, CA).

Gel-Blot Analyses

For DNA gel-blot analysis, 12 �g of DNA from the Neotyphodium sp.
endophyte was digested with EcoRI, EcoRV, HindIII, KpnI, SalI, XbaI, or XhoI
in a 50-�L total reaction volume at 37°C for 12 h. The DNA was subjected to
electrophoresis through a 0.8% (w/v) agarose gel. DNA in the gel was
depurinated by washing in 0.25 n HCl for 12 min. The gel was then washed
in water, and the DNA was transferred to a nylon membrane (Zeta-Probe,
Bio-Rad) overnight with 0.4 m NaOH (Reed and Mann, 1985). The mem-
brane was washed in 2� SSC and fixed by drying completely.

For RNA gel-blot analyses, RNA was subjected to electrophoresis in
formaldehyde agarose gels and transferred to nylon membranes (Magna-
graph, Osmonics, Minnetonka, MN) as described by Selden (1987). RNA
was fixed to the membrane with a UV Crosslinker (Fisher Scientific,
Pittsburgh).

The 900-bp �-1,6-glucanase PCR clone was labeled with [�32P]dCTP
using a commercial kit (Prime-It II Random Primer Labeling Kit, Stratagene,
La Jolla, CA) for use as a probe for all hybridization reactions. For both DNA
and RNA gel blots, filters were prehybridized at 42°C in 50% (v/v) form-
amide, 5� SSC, 5� Denhardt’s solution (1� Denhardt’s solution is 0.02%
[w/v] Ficoll, 0.02% [w/v] PVP, and 0.02% [w/v] bovine serum albumin), 50
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mm sodium phosphate, pH 6.8, 1% (w/v) SDS, 100 �g mL�1 calf thymus
DNA, and 2.5% (w/v) dextran sulfate. The hybridization solution was 5 �
105 cpm mL�1 of 32P-labeled fragment, 50% (v/v) formamide, 5� SSC, 1�
Denhardt’s solution, 20 mm sodium phosphate, pH 6.8, 1% (w/v) SDS, 100
�g mL�1 calf thymus DNA, and 5% (w/v) dextran sulfate. Hybridized
membranes were washed with 2� SSPE, 0.5% (w/v) SDS for 15 min at room
temperature, 2� SSPE, 0.5% (w/v) SDS for 15 min at 65°C, and 0.2� SSPE,
0.2% (w/v) SDS for 15 min at 65°C. The washed membranes were exposed
to x-ray film (XOMAT-AR, Kodak, Rochester, NY) with an intensifying
screen.

Library Construction and Screening

A cDNA library was constructed using poly(A�) RNA from endophyte-
infected P. ampla leaf sheath tissue. cDNA synthesis and phage packaging
was carried out using a commercial kit (� ZAP-Express cDNA Library
Construction Kit, Stratagene). The primary cDNA library contained 4 � 106

plaque-forming units. Two-hundred thousand plaque-forming units from
the amplified library were screened using the 32P-labeled 900-bp �-1,6-
glucanase PCR clone as a probe. Hybridization conditions were the same as
for the gel blots. The cDNA inserts from positive plaques were excised from
the �-vector as recombinant pBK-CMV phagemids (Short et al., 1988). The
phagemids were sequenced using an ABI 373A automated sequencer. Se-
quences were assembled into contigs using AutoAssembler software (Ap-
plied Biosystems, Foster City, CA).

PCR Amplification of a �-1,6-Glucanase
cDNA Fragment

Degenerate oligonucleotide primers for PCR were designed based on one
of the peptide sequences obtained from the 47-kD apoplastic protein band
and on a region conserved in a number of glucanases (Lora et al., 1995). The
sequences of the degenerate primers were: primer A, 5�-GIATHCCCA-
THGGITAYTGG-3�, designed from the conserved sequence RIPIGYW;
primer B, 5�-CAIACRTCYTGRTAIACRTT-3�, designed from the peptide
sequence NVYQDVC. The symbols used for the mixed bases are: I, deoxyi-
nosine; R, A�G; H, A�C�T; and Y, C�T.

The degenerate oligonucleotide primers were used in PCR amplification
of the cDNA library prepared from Neotyphodium sp. infected P. ampla. PCR
reactions contained 10 mm Tris-HCl, pH 8.3, 50 mm KCl, 2.5 mm MgCl2, 12.5
pmol of each dNTP, 0.5 �g of each primer, and 2 units of Taq polymerase.
PCR was carried out in a GeneAmp 9600 thermocycler (PerkinElmer Life
Sciences, Boston). Touchdown PCR (Don et al., 1991) cycling parameters
were used. Initial denaturation was conducted at 94°C for 5 min. Cycle 1
consisted of denaturation at 94°C for 30 s, annealing at 57°C for 30 s, and
extension at 72°C for 2 min. Every two subsequent cycles, the annealing
temperature was decreased by 1°C until 47°C was reached. An additional 30
cycles at an annealing temperature of 47°C were performed, followed by a
final extension at 72°C for 10 min. PCR products were resolved on a 1%
(w/v) agarose gel, and a single 900-bp band was detected. The DNA band
was excised and purified using a commercial kit (QIAquick Gel Extraction
Kit, Qiagen USA). The purified band was ligated into the pGEM-T Easy
vector (Promega, Madison, WI) and transformed into DH5� Escherichia coli
competent cells (PGC Scientifics, Frederick, MD). Plasmids from E. coli
transformants were purified and used as templates in AmpliTaq FS cycle
sequencing reactions (PerkinElmer Life Sciences). The 900-bp insert was
completely sequenced by primer walking. Reactions were analyzed on an
ABI 373A Automated DNA Sequencer (PerkinElmer Life Sciences).

�-1,6-Glucanase Activity Assay

Glucanase activity was determined by measuring the amount of reducing
sugars released from a glucan substrate (Dygert et al., 1965; Zheng and
Wozniak, 1997). Substrates used were pustulan, a linear �-1,6-glucan; lami-
narin, a �-1,3-glucan with some �-1,6-linkages; carboxymethylcellulose
(Sigma-Aldrich), a �-1,4-glucan; and dextran (Sigma-Aldrich), an �-1,6-
glucan. Reduced substrates were prepared by incubating 1% (w/v) sub-
strate with 0.1 volume of 0.4 m sodium borohydride at 4°C overnight. The
substrate was precipitated with 3 volumes of 100% ethanol, pelleted, air-
dried, and resuspended in 50 mm potassium acetate, pH 5.5% to 0.4% (w/v).

For determination of activity from the yeast extracts and the partially
purified protein, 20 �L of substrate was incubated with 10 �L of enzyme for
30 min at 40°C. After the incubation, 100 �L of solution A (4 g of Na2CO3,
1.6 g of Gly, and 45 mg CuSO4 in 100 mL of water) and 100 �L of solution
B (120 mg of neocuproine HCl in 100 mL of water) were added. The mixture
was boiled for 10 min, and the absorbance was measured at 450 nm. Glc was
used as a standard. One unit of enzyme activity was defined as the amount
of enzyme that catalyzes the release of 1 �mol Glc min�1.

For determination of activity in plant crude extracts, 0.1 g of leaf sheaths
was ground in liquid N2 and extracted in 3 mL of 10 mm Tris-HCl, pH 8.0.
The assay volume was 400 �L and contained 85 �g of protein, 200 �L of
0.4% (w/v) pustulan, and 20 �L of 1 m potassium acetate, pH 5.5. The
reactions were incubated at 40°C for 18 h. They were stopped with 400 �L
each of solutions A and B and boiled for 10 min. Protein concentrations were
determined using the Bio-Rad Protein Assay Reagent with bovine serum
albumin as a standard.

Expression of the �-1,6-Glucanase in Brewer’s Yeast
(Saccharomyces cerevisiae)

The �-1,6-glucanase cDNA was cloned into the vector pYES2 (Invitrogen,
Carlsbad, CA) for inducible expression in Brewer’s yeast. The �-1,6-
glucanase cDNA phagemid and the pYES2 plasmid were digested with the
restriction enzymes SacI and XbaI at 37°C for 1 h. The restriction fragments
were separated by electrophoresis through a 1% (w/v) agarose gel, and the
vector and cDNA fragments were excised and purified using Gene Clean
(Bio 101, Carlsbad, CA). The cDNA fragment was ligated to the pYES2
vector at room temperature for 3 h and transformed into DH10B E. coli cells
(Invitrogen) by electroporation (Cell-Porator, Invitrogen). Plasmids from E.
coli transformants were purified and analyzed for the presence of the
�-1,6-glucanase cDNA insert by SacI/XbaI restriction digestion.

A positive clone was transformed into INVSc1 Brewer’s yeast cells
(MATa his3�1 leu2 trp1-289 ura3-52/MAT� his3�1 leu2 trp1-289 ura3-52;
Invitrogen). As a control, yeast cells were also transformed with the vector
pYES2. INVSc1 cells were grown in a 50-mL culture of yeast peptone
dextrose medium (1% [w/v] yeast extract, 2% [w/v] peptone, and 2% [w/v]
dextrose) at 30°C and 250 rpm to OD600 � 0.7. Cells were pelleted and
resuspended in 2 mL of 100 mm lithium acetate, pH 7.5, 5 mm Tris, pH 7.5,
and 0.5 mm EDTA. Resuspended cells (100 �L) were then mixed with 1 �g
of plasmid DNA, 100 �g of calf thymus DNA, and 700 �L of 100 mm lithium
acetate, pH 7.5, 40% (w/v) PEG-3350, 10 mm Tris-HCl, pH 7.5, and 1 mm
EDTA and incubated at 30°C for 30 min. Dimethyl sulfoxide (88 �l) was
added, and the cell mixture was then heat shocked at 42°C for 7 min. The
transformed yeast cells were then pelleted, resuspended in 10 mm Tris-HCl,
pH 7.5, and 1 mm EDTA, and plated on SC minimal medium plates without
uracil (SC �U; 0.67% [w/v] nitrogen base without amino acids, 2% [w/v]
raffinose, 0.01% [w/v] adenine, Arg, Cys, Leu, Lys, Thr, and Trp, and
0.005% [w/v] Asp, His, Ile, Met, Phe, Pro, Ser, Tyr, and Val) for selection.
After incubation at 30°C for 3 d, a positive clone was isolated and main-
tained on SC �U medium with 2% (w/v) raffinose.

To induce �-1,6-glucanase expression, the transformed yeast cells were
suspended in SC �U culture media supplemented with 2% (w/v) Gal to 0.4
mg cells mL�1 and incubated at 30°C for 24 h. Cell extracts containing the
recombinant protein were obtained by resuspending the induced cells in
breaking buffer (50 mm sodium phosphate, pH 7.4, 1 mm EDTA, and 5%
[v/v] glycerol) and then lysing the cells with glass beads using a Mini-Bead
Beater-8 (BioSpec Products, Bartlesville, OK).

Isolation of the �-1,6-Glucanase Expression
Plasmid from Brewer’s Yeast

Two loops full of the Brewer’s yeast transformant cells growing on yeast
peptone dextrose medium were suspended in 200 �L of lysis buffer (10 mm
Tris-HCl, pH 8.0, 1 mm Na2EDTA, 100 mm NaCl, and 0.1% [w/v] SDS).
Glass beads were added, and the cells were lysed in a Bead Beater for 75 s.
An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1, v/v) was
added and mixed in the Bead Beater for 60 s. The mixture was centrifuged,
and the aqueous layer was extracted with an equal volume of chloroform.
The plasmid in the aqueous layer was purified using Gene Clean (Bio 101)
and used to transform DH10B E. coli cells by electroporation. The plasmid
was purified from an E. coli transformant and sequenced.
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Secreted �-1,6-Glucanase Activity from the
Cultured Endophyte

The endophyte was grown in four culture formulations, and the secreted
�-1,6-glucanase activity in the media was determined. The four media were
autoclaved yeast cells, potato dextrose broth, tryptone-Suc medium (Lam et
al., 1995), and tryptone-Suc medium containing 1% (w/v) pustulan. The
yeast cell medium was prepared by resuspending 50 g of washed Bakers
yeast (ICN, Costa Mesa, CA) in 1 L of water and autoclaving the media for
20 min. The tryptone-Suc medium consisted of Murashige and Skoog basal
salt micronutrients (Sigma-Aldrich) supplemented with 332.2 mg L�1

CaCl2, 180.7 mg L�1 MgSO4, 3.0 g L�1 KH2PO4, 2.0 g L�1 K2HPO4, 2.0 g L�1

tryptone, 200 �g L�1 thiamine, and 0.1% (w/v) Suc.

Partial Purification of the �-1,6-Glucanase

For purification of the �-1,6-glucanase, the endophyte was grown in the
yeast cell medium for 5 d. The fungal mycelia and yeast cells were separated
from the culture filtrate by centrifuging the culture at 5,000g for 10 min and
then filtering the culture supernatant through Miracloth (Calbiochem).
Eight-hundred milliliters of the culture filtrate was then stirred with 600 mg
of ethanol-precipitated pustulan at 4°C overnight to allow adsorption of the
�-1,6-glucanase. Ethanol-precipitated pustulan was prepared by dissolving
pustulan in hot water (1 mg mL�1), cooling, adding 2 volumes of 95% (v/v)
ethanol, centrifuging at 25,000g for 15 min, and then drying in a vacuum
centrifuge. After adsorption, the pustulan was pelleted and washed twice
with 1 m NaCl, 70 mm MES, pH 6.0. Bound protein was then eluted by
resuspending the pustulan pellet in 2 m NaCl and 70 mm MES, pH 6.0. The
eluted protein was concentrated, and the buffer changed to 10 mm MES, pH
6.0, using Centricon-30 concentrators (Amicon, Beverly, MA).

The partially purified protein was subjected to SDS-PAGE (Laemmli,
1970) and electroblotted to a polyvinylidene difluoride membrane (ProBlott,
Applied Biosystems) for protein sequencing. Transferred proteins were
visualized by staining the membrane with 0.2% (w/v) Ponceau S (Sigma-
Aldrich) in 1% (v/v) acetic acid. The membrane was destained with water,
and the 47-kD band was excised. N-terminal sequencing was performed by
the Texas Microchemistry Facility (University of Texas Medical Branch,
Galveston).
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