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Fungal endophyte-grass associations are diverse and complex. Some endophytes (e.g. Neotyphodium spp.) reproduce
asexually by growing vegetatively into host seeds and many of these vertically-transmitted endophytes form mutualisms
with their hosts by providing high levels of alkaloids, such as lolines, that reduce herbivore performance. Additionally,
Neotyphodium coenophialum provides wound-inducible herbivore resistance through increased production of lolines.
Neotyphodium likely evolved from Epichloë spp. which are sexually reproducing endophytes that are transmitted
horizontally to the next host generation through production of stromata (fruiting bodies), which sterilize host grasses. We
asked if wound-inducible resistance like that in N. coenophialum also occurs in the ancestral, sexually reproducing Epichloë
glyceriae, which infects Glyceria striata. Host grasses were damaged by fall armyworm caterpillars, artificially cut, or left
undamaged. An aphid bioassay tested the plant’s toxicity to herbivores, expression of lolc (a gene in the loline biosynthesis
pathway) was quantified using real-time RT-PCR, and loline concentration was quantified using gas chromatography and
mass spectrometry. Artificially-damaged plants supported fewer live aphids, had greater lolc mRNA expression, and
greater loline concentration than undamaged plants. Herbivore-damaged plants supported intermediate performance by
aphids, low lolc mRNA expression, and minimal loline concentration. Our study is the first to demonstrate sexual
endophytes can produce lolines following wounding. This suggests wound-induced responses are ancestral within the
Epichloë/Neotyphodium clade and reveals a trait of grass endophytes that may have predisposed them for the evolution of
defensive mutualisms with their hosts.

Fungal endophytes, intercellular plant symbionts, are
diverse in both taxonomy and ecological interaction
(Saikkonen et al. 1998, Clay and Schardl 2002, Arnold
et al. 2003). The majority of associations have remained
unstudied with the exception of endophytes of the family
Clavicipitaceae (Ascomycota) hosted by cool-season grasses,
due to their economic importance (Ball et al. 1993). Yet,
only a few species of grass-endophyte associations have been
studied in depth, and as Leuchtmann (1992) estimates, the
3000 extant pooid grass species may harbor 900 endophyte
species making generalization difficult.

The most studied associates are Neotyphodium spp.
hosted by Lolium arundinaceum (tall fescue) and Lolium
perenne (perennial ryegrass), two agronomically important
pasture grasses. These Neotyphodium spp. are transmitted
vertically, reproducing asexually through hyphal growth
into the host seed (Clay and Schardl 2002). Evolutionary
theory predicts that symbionts transmitted vertically should
be strong mutualists with their host because host reproduc-
tion is linked with symbiont reproduction (Ewald 1994).
Indeed, these symbiotic fungi act as mutualists with their

hosts by providing increased drought tolerance (Arechava-
leta et al. 1989, West et al. 1993) and producing alkaloid
secondary metabolites (lolines, peramines, lolitrems and
ergots), which reduce performance of a number of
invertebrate and vertebrate herbivores (Cheplick and Clay
1988, Siegel et al. 1990, Bush et al. 1993, Breen 1994,
Saikkonen et al. 1998, Leuchtmann et al. 2000, Clay and
Schardl 2002, Popay and Bonos 2005, Rudgers and Clay
2007). In addition, loline alkaloids (primarily invertebrate
toxins) produced by N. coenophialum are wound-inducible
following artificial and insect damage to tall fescue (Bult-
man et al. 2004, Sullivan et al. 2007). Inducible chemical
defenses may provide hosts with an advantage through
reducing the cost of chemical defense production or
increasing variability of toxin concentration between in-
dividuals and tissues (Karban and Myers 1989, Karban et al.
1997).

Asexual Neotyphodium spp. evolved from sexual Epichloë
spp. (Schardl et al. 1994, Tsai et al. 1994, Kuldau et al.
1999, Clay and Schardl 2002), which are transmitted
horizontally via ascospores released from stromata (fungal
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reproductive structures). Formation of stromata replace (or
choke) host reproductive structures rendering their hosts
sterile (Clay 1991). Some Epichloë species are capable of
both vertical and horizontal transmission. Choking of host
sexual reproduction is generally considered a parasitic
interaction, but some grasses, such as Glyceria striata can
clonally reproduce and sterilization therefore does not result
in complete loss of plant fitness (Pan and Clay 2003).

Epichloë spp., like Neotyphodium spp., appear variable in
the herbivore resistance they provide to their hosts
(Cheplick and Clay 1988, Siegel et al. 1990, Saikkonen
et al. 1998, Clay and Schardl 2002). Yet, generalizations are
difficult to make due to limited studies of herbivore
resistance in Epichloë-infected grasses. Stroma-forming
Epichloë spp. living within Lolium perenne can reduce
performance of Schizaphis graminum (greenbug aphid),
but not Rhopalosiphum padi (bird cherry-oat aphid; Siegel
et al. 1990). Glyceria striata infected with Epichloë glyceriae
(Schardl and Leuchtmann 1999) and Festuca rubra infected
with Epichloë typhina reduced larval growth of Spodoptera
frugiperda (fall armyworm; Cheplick and Clay 1988).
However, Festuca rubra commutata infected with an
Epichloë sp. did not provide resistance to S. graminum or
R. padi aphids (Siegel et al. 1990).

Production of alkaloids in Epichloë spp. appears to be
restricted to a few classes of alkaloids, mostly peramine
(Leuchtmann et al. 2000). Of all surveyed Epichloë species,
only Epichloë festucae produced loline alkaloids (Leucht-
mann et al. 2000, Wilkinson et al. 2000), although the
possibility that defensive compounds are only produced
upon damage has not been tested in Epichloë species.

We tested if the stroma-forming endophyte E. glyceriae
(Clavicipitaceae, Ascomycotina) provides wound-inducible
resistance to its host G. striata (tribe Meliceae, Poaceae)
following artificial and chewing herbivore damage. Further,
we assessed not only the performance of a herbivore and
loline concentration in the foliage, but also the molecular
basis for wound-inducible resistance by quantifying mRNA
expression for a loline biosynthesis gene.

Material and methods

Plant material

Glyceria striata (Family Poaceae; Tribe Meliceae) is a native
of North America with a distribution from New Foundland
to California, living in habitats of open swamps and
marshes near or in the water (Gleason and Cronquist
1963). It is often infected with the fungal endophyte
E. glyceriae (Schardl and Leuchtmann 1999).

Ramets from one plant of G. striata infected with
E. glyceriae were obtained from C. Schardl (Univ. of
Kentucky). Individual plants were grown in the Hope
College greenhouse and split several times over a year to
obtain sufficient numbers of cloned individuals. Following
the last split, individuals 1�2 tillers in size were potted in 15
cm Ø by 10 cm high pots with soil. Fertilization occurred
weekly with a 1.5 g l�1 solution of 5% NH4, 10% NO3,
16% P2O5 and 17% K2O. Watering occurred daily or as
necessary to keep soil moist.

Damage treatments

In May 2006, 6�8 weeks after the last split, three damage
treatments were initiated on G. striata to test for induced
resistance provided by E. glyceriae. Artificially-damaged
plants were manually cut 3 cm from the soil surface with
scissors. This damage removed 88.590.76% (mean91 SE)
of shoot material. Herbivore-damaged plants were placed in
screen cages (44.1�44.1�44.1 cm) where S. frugiperda
(3rd to 5th instars) individuals were allowed to feed on
vegetative plant tissues for four days. Screen cages were
placed in a controlled environment at 26.08C in an attempt
to accelerate herbivore feeding (night time temperatures in
the greenhouse were 5�108C cooler) and to avoid introdu-
cing pest insects into the greenhouse. Photoperiod in the
environmental chamber (14:10, L:D) was matched to that
in the greenhouse to minimize other environmental
differences to which plants in the two locations were
exposed. Herbivore-damaged plants were only moderately
damaged (15�40% removed), much less than artificially-
damaged plants. Following four days of herbivore damage,
plants were returned to the greenhouse. Undamaged plants
were used as controls.

Aphid bioassay

Fifteen days after damage, performance of herbivores was
evaluated using an aphid bioassay, following methods of
Bultman et al. (2004). Rhopalosiphum padi is a phloem sap
feeder (Leather et al. 1989), and reproduces parthenogen-
etically while infesting its secondary host, one of several
species of grasses. Rhopalosiphum padi has been extensively
used in grass endophyte research (Latch et al. 1985, Siegel
et al. 1990, Eichenseer et al. 1991) and is a sensitive indicator
of changes in quality and toxicity of host plant tissues
(Bultman et al. 2004). Aphids were obtained from a colony at
the USDA-ARS laboratory in Pullman, WA, USA, and were
reared on barley in an environmental chamber at 218C and a
14:10 (L:D) photoperiod before the experiment. The colony
represented several genotypic clones. Nylon clip bags were
placed on the newest fully expanded leaf blade of one tiller
per plant. Aphids were placed on a total of 66 plants
distributed across artificially-damaged, herbivore-damaged
and undamaged plants. Four individuals (4th nymphal
instar) of R. padi were introduced and allowed to reproduce
for 7 d, after which the number of apterous (wingless) aphids
was recorded. The number of apterous aphids was normal-
ized using logarithmic transformation and analyzed by one-
way ANOVA with Tukey’s HSD (SYSTAT 2004).

lolc expression

At 7, 11 and 20 days after damage newly formed tissues of
undamaged plants and regrowth tissues of damaged plants
were sampled for lolc quantification. Eleven, 18 and 13
plants were sampled across control, artificially-damaged and
herbivore-damaged treatments, respectively. The newest
fully expanded leaf of four tillers was removed, 0.15 g of
tissue was ground in liquid nitrogen and extracted using the
RNeasy mini-kit. Purified mRNA was quantified using a
spectrophotometer. Messenger RNA for lolc, a transcript
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known to be correlated with loline production (Spiering
et al. 2005), was quantified using real-time RT-PCR using
the probes and primers described by Spiering et al. (2005)
using a Cepheid Smart Cycler II. The amount of ß-tubulin
(tubB) mRNA was used to normalize both for the amount
of fungal RNA in the sample and for any variation in
overall E. glyceriae transcription rates. The lolc and tubB
reactions were multiplexed and all samples were run in
triplicate. No-reverse-transcriptase and no-template con-
trols were run for every sample to ensure there was no
contaminating genomic DNA or RNA, respectively. Data
from a run were not used if either of these controls had a
non-zero cycle threshold (Ct). A positive control containing
known quantities of lolc and tubB was also included with
every run. Cycle threshold values were defined for each run
as the amount of fluorescence 10 standard deviations above
mean fluorescence during the first 10 cycles. Due to the
inherent variability involved in PCR based techniques,
results from a run were not considered valid if the C.V.
values for a sample differed by more than 5%. The ratio of
lolc to tubB mRNA was analyzed by two-way ANOVA with
damage treatment and time from damage as factors
(SYSTAT 2004).

Loline concentration

At 21 days after damage, vegetative tissues (tillers and
blades) of G. striata (18 plants across the 3 treatments) were
frozen at �208C, freeze-dried and ground with a Wiley
mill. Plant tissue was analyzed for loline concentration as
described in Bush et al. (1982). Ground tissue samples were
saturated and extracted in NaHCO3 and 95:5 CH2Cl2:
EtOH. All loline measurements were performed on a gas
chromatograph mass spectrometer. Loline alkaloid concen-
tration was analyzed by the nonparametric Kruskal-Wallis
Test (SYSTAT 2004).

Infection status

The presence of E. glyceriae in each G. striata individual was
confirmed upon completion of experimental procedures
using immunoblot techniques as in Hiatt et al. (1999).

Results

Reproduction of R. padi was affected by previous damage to
the host (F2, 63�4.45, p�0.016, Fig. 1). Specifically,
artificially-damaged plants supported fewer apterous R. padi
than undamaged plants (Tukey’s HSD: p�0.013). The
number of aphids on herbivore-damaged plants did
not differ from that of other treatments (vs undamaged:
p�0.592, vs cut: p�0.133, Tukey’s HSD).

Results for the quantitative expression of the lolc gene
paralleled those for the aphid bioassay. Damage to G. striata
altered the ratios of lolc/tubB mRNA expression (F2, 33�
12.40, pB0.0001, Fig. 2). Artificially-damaged G. striata
had a significantly higher ratio of lolc/tubB than undamaged
plants (Tukey’s HSD, p�0.026, Fig. 2). There was no
difference in mRNA expression between herbivore-da-
maged and undamaged (Tukey’s HSD, p�0.11, Fig. 2).

There was a marginally significant difference between the
three sampling times (F2, 33�3.23, p�0.052) with the
values decreasing over time (lolc/tubB: day 7�23.509
3.23, day 11�12.1593.65, and day 20�8.3394.81).
The interaction between treatment and time was not
significant (F4, 33�2.20, p�0.098).

The only loline alkaloid produced by E. glyceriae was
N-acetylnorloline (Fig. 3). Artificially-damaged plants had
higher loline concentration than undamaged and herbivore-
damaged plants (Kruskal-Wallis H�12.577, DF�2, p�
0.002).

Discussion

Ramets of G. striata infected with sexual E. glyceriae
subjected to artificial damage supported fewer R. padi

Fig. 1. Effects of damage type [artificial (cut), herbivore (S.
frugiperda), or undamaged] on reproduction of R. padi aphids
feeding on Glyceria striata infected with Epichloë glyceriae.
Artificially-damaged G. striata supported fewer aphids than
undamaged plants. Error bars are91 SE throughout. Common
letters denote means are not significantly different from one
another, as determined by Tukey’s HSD.

Fig. 2. Effects of damage type [artificial (cut), herbivore
(S. frugiperda), or undamaged] on relative lolc expression in
Glyceria striata infected with Epichloë glyceriae. Artificially-
damaged G. striata had a greater ratio of lolc/tubB than
undamaged plants (see text).

631



than undamaged ramets (Fig. 1). Inducible resistance has
been previously demonstrated in the asexual endophyte
N. coenophialum (Bultman et al. 2004, Sullivan et al. 2007),
but our’s is the first record of an inducible response in a
sexual, stroma-forming endophyte. The likely mechanism
by which resistance is enhanced is elevated production of a
loline alkaloid (Fig. 3) due to the upregulation of at least
one of its biosynthesis genes (Fig. 2). Since R. padi is
sensitive to loline alkaloids (Wilkinson et al. 2000), it is
likely that increased loline concentration in artificially-
damaged plants was the major factor causing lower R. padi
performance. However, it is possible that other unmeasured
inducible compounds contributed to the reduced perfor-
mance. Of note is that control (undamaged) plants
produced almost no lolines, so the fungus provides very
little, if any, constitutive resistance, but can provide
resistance after damage.

Herbivore-damaged plants did not have reduced aphid
performance nor did they produce detectable levels of
lolines or exhibit elevated lolc expression compared to
undamaged plants. These results contrast with previous
studies that showed artificial and herbivore-damage evokes
similar responses in tall fescue-endophyte symbioses (Mur-
phy 1997, Sullivan et al. 2007). However, it is likely the
level of damage the herbivore-damaged plants received was
unsufficient to induce a response. Less than 40% (with
many plants considerably less than 40%) of shoot material
was removed by caterpillars, far less damage than the
artificially-damaged plants received (88.5% of shoot mate-
rial removed). Alternatively, it may be that fall armyworm
larvae counter-defend the inducible response by the plant/
fungus symbiotum. This hypothesis waits testing in the
future.

The only alkaloid detected in G. striata infected with
E. glyceriae was N-acetylnorloline. Artificially-damaged
plants produced moderate levels of N-acetylnorloline
compared to the levels of N-acetyl and N-formal loline
produced in tall and meadow fescue infected with their
respective Neotyphodium endophytes (Leuchtmann et al.

2000). A number of endophyte-grass symbioses produce N-
acetylnorloline (TePaske et al. 1993), but to our knowledge
no other endophyte is known to produce solely N-
acetylnorloline, and its toxicity to herbivores compared to
N-acetyl and N-formal loline is not known as different
insect species respond differently to different loline deriva-
tives (Riedell et al. 1991). Past alkaloid surveys of
endophyte-grass symbioses often focused on only N-acetyl
and N-formal lolines (Siegel et al. 1990, Leuchtmann et al.
2000) and may have overlooked less common lolines, like
N-acetylnorloline. Also, we found the vast majority of loline
production came from damaged plants. Previous chemical
surveys of grass endophyte symbiota have not assessed the
inducibility of alkaloids (Siegel et al. 1990, Leuchtmann
et al. 2000) and as a consequence, wound-induced alkaloids
would have been missed.

Herbivore defense is generally considered the primary
mutualistic benefit for harboring Neotyphodium spp.
(Schardl et al. 2007), but it has not been found in ancestral,
sexually-reproducing Epichloë spp, with the exception of
some strains of E. festucae (Wilkinson et al. 2000).
Phylogenetic analysis however, shows not all alkaloid-
producing Neotyphodium spp. are related to E. festucae which
suggests alkaloid production is likely ancestral in this group
and has been lost from the more parasitic Epichloë spp., rather
than gained in the more mutualistic Neotyphodium spp.
(Kutil et al. 2007). Further, recent phylogenetic analysis
shows that alkaloid production is deeply rooted in the
Clavicipitaceae, being found in animal pathogens ancestral to
Epichloë (Torres et al. 2007, Spatafora et al. 2007). Our data
suggest that the ability for these defensive compounds to be
induced may also be ancestral and not a derived trait unique
to Neotyphodium spp.

In conclusion, our study is the first to demonstrate
stroma-forming endophytes can provide wound-induced
resistance against herbivores. These results suggest wound-
inducible defenses, like lolines themselves, are likely
ancestral within the Epichloë/Neotyphodium clade.

Acknowledgements � Funding was provided by NSF-CRUI (DBI-
03300840) to T. Bultman and NSF-REU (DBI-0139035) to the
Biology Dept. at Hope College. We would like to thank
undergraduate researchers A. Dreyer, D. Gardner, W. Engers, R.
King, B. Jager and C. Rose for assistance with the aphid bioassay.
Also, we thank the Hope College Biology and Chemistry Dept. for
their services and facilities.

References

Arechavaleta, M. et al. 1989. Effect of the tall fescue endophyte on
plant response to environmental stress. � Agron. J. 81: 83�90.

Arnold, A. E. et al. 2003. Fungal endophyte limit pathogen
damage in a tropical tree. � Proc. Natl Acad. Sci. USA 100:
15649�15654.

Ball, D. M. et al. 1993. The tall-fescue endophyte. � Am. Sci. 81:
370�379.

Breen, J. 1994. Acremonium endophyte interactions with enhanced
plant resistance to insects. � Annu. Rev. Entomol. 39: 401�
423.

Bultman, T. L. et al. 2004. A fungal endophyte mediates reversal
of wound-induced resistance and constrains tolerance in a
grass. � Ecology 85: 679�685.

Fig. 3. Effects of damage type [artificial (cut), herbivore
(S. frugiperda), or undamaged] on the concentration of N-
acetylnorloline in Glyceria striata infected with Epichloë glyceriae
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136: 1307�1317.

Schardl, C. L. et al. 2007. Loline alkaloids: currencies of
mutualism. � Phytochemistry 68: 980�996.

Siegel, M. R. et al. 1990. Fungal endophyte-infected grasses-
alkaloid accumulation and aphid response. � J. Chem. Ecol.
16: 3301�3315.

Spatafora, J. W. et al. 2007. Phylogenetic evidence for an animal
pathogen origin of ergot and the grass endophytes. � Mol.
Ecol. 16: 1701�1711.

Spiering, M. J. et al. 2005. Gene clusters for insecticidal loline
alkaloids in the grass endophytic fungus Neotyphodium
uncinatum. � Genetics 169: 1403�1414.

Sullivan, T. J. et al. 2007. Symbiont-mediated changes in Lolium
arundinaceum inducible defenses: evidence from changes in
gene expression and leaf composition. � New Phytol. 176:
673�679.

SYSTAT 2004. The system for statistics. � SYSTAT, Inc.,
Evanston, IL, USA.

TePaske, M. R. et al. 1993. Analyses of selected endophtye
infected grasses for the presence of loline-type and ergot-type
alkaloids. � J. Agric. Food Chem. 41: 2299�2303.

Torres, M. S. et al. 2007. Were endophytes pre-adapted for
defensive mutualism? � In: Popay, A. J. and Thom, E. R. (eds),
Proc. 6th Int. Symp. on Fungal Endophytes of Grasses. N. Z.
Grassland Ass., Dunedin, NZ., pp. 63�67.

Tsai, H. -F. et al. 1994. Evolutionary diversification of fungal
endophytes of tall fescue grass by hybridization with Epichloë
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