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Inducible defenses provided by Neotyphodium to Lolium arundinacea and
Lolium pratense: an ecological and molecular approach
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Abstract

Plants have evolved a range of responses to herbivory ranging
from tolerance to both inducible and constitutive chemical
defenses. Previous research has shown lolines produced by
Neotyphodium coenophialum are inducible by host damage. In
this paper, we examined whether this inducibility can also be
caused by damage from an invertebrate herbivore and whether this
phenomenon also occurs in N. uncinatum. We also investigated
whether changes in gene expression for /o/C, a gene in the
loline biosynthesis pathway, accompanies changes in defense
response. For N. coenophialum, both mechanical and herbivore
damage had a negative effect on subsequent aphid herbivores.
For N. uncinatum, damage did not cause an increase in defense,
although there was an increase in endophyte-free hosts. Relative
expression of /o/C varied significantly over time, and between
damage types for N. uncinatum with herbivore damaged plants
having a lower relative /o/C -1 expression.

Keywords: Neotyphodium, gene expression, inducible defense,
loline, lolC

Introduction

Many plants have evolved chemical defenses to resist herbivory,
but some plants have evolved a tolerance strategy, the ability to
withstand some damage without a decrease in fitness (Strauss &
Agrawal 1999). Grasses, especially inresource rich environments,
are usually thought to respond to herbivory via compensation
(Hawkes & Sullivan 2001). The presence of Neotyphodium spp.
endophytes may alter this strategy, however. In some host species,
Neotyphodium spp. provide chemical defense active against both
vertebrate and invertebrate herbivores (Clay & Schardl 2002;
Siegel & Bush 1996). Recent work by Bultman et al. (2004)
found that defenses provided by N. coenophialum to tall fescue
(Lolium arundinacea) can be induced in response to host damage.
After mechanical damage, N. arundinacea infected tall fescue
had a significant increase in loline concentration and a significant
negative effect on population growth of bird cherry-oat aphids
(Rhodopsium padi) (Bultman et al. 2004). Conversely, damage
to endophyte-free tall fescue caused a higher rate of regrowth
and a positive effect on bird cherry-oat aphid population growth
(Bultman et al. 2004).

Responses at the molecular level to herbivory are not well
understood. DNA microarrays and mRNA differential display
reverse transcription (DDRT)-PCR show changes in hundreds
of genes in response to herbivory (Baldwin et al. 2001; Roda
& Baldwin 2003) although these changes can vary depending
on damage type and herbivore species (Voelckel & Baldwin
2004). Neotyphodium endophytes can produce several different
defensive chemicals including the insecticidal lolines. The genes
in the loline biosynthesis pathway have been recently identified,
and expression of one of the genes, /o/C is correlated with loline
production in culture (Spiering et al. 2005).

In this study we examine variation in herbivore defense in
response to damage in two Neotyphodium infected grasses, tall
fescue (symbiotic with N. coenophialum) and meadow fescue
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(Lolium pratense, symbiotic with N. wuncinatum) using two
approaches. First, we tested for variation in defense response using
invertebrate bioassays, and second, we examined the molecular
basis for the variation by quantifying variation in /o/C expression.

Methods

Damage treatments and bioassay

Tall fescue plants (cv. Kentucky-31) were grown from seed and
were damaged 6 weeks after germination either mechanically
(cutting all tillers 3 cm above the soil with scissors), by fall
army-worm (Spodoptera frugiperda) or left undamaged. Fall
armyworm damage was performed by placing plants in cages
(44.1 x 44.1 x 44.1 cm) and allowing the fall armyworm to feed
until 40-60% of the above ground tissue was removed. Within
each cage, only a single infection type was used to ensure that
no plant was differentially damaged due to the presence of
Neotyphodium. Twenty-five E+ and E- individuals were used
in each treatment.

Meadow fescue individuals were generated by splitting 15
larger plants into several individuals. Damage was performed
as described above and individuals derived from the original 15
plants were distributed equally between the damage treatments
to control for genotype. Twenty-five E+ and E- individuals were
used in each treatment.

For the tall fescue bioassay, bird cherry-oat aphid was used as
the target herbivore using the youngest fully expanded leaf and
the method described by Siegel e al. (1990). The total number
of aphids present was counted after 7 days. For the meadow
fescue, fall armyworm was used, but due to high mortality in
the cut treatment, only individuals from the herbivore-damaged
and control treatments were used. Fall armyworm were kept in
individual Petri dishes and fed the youngest tissue from the plants;
the development time from the 2™ to 4™ instar was measured.

Quantifying lol/C expression

150 mg of fresh tissue was taken from the base of four tillers per
plant at 10 and 24 days after damage of tall fescue and 3, 6 and 22
days after damage of meadow fescue. The tissue was immediately
frozen in liquid nitrogen, ground to a powder and extracted using
the RNeasy kit (Quigen). The RNA was quantified using a Hitachi
U-2000 spectrophotometer. Real-time RT-PCR was performed
using 100 ng total RNA and the Brilliant QRT-PCR Master Mix
Kit (#600551 from Stratagene) in a SmartCycler II (Cephid).
Primers and probes for /o/C are as described in Spiering et al.
(2005). The cycle threshold value (Ct) was defined at the amount
of fluorescence 10 standard deviations above background. The
lolC RNA was quantified using a standard curve generated using
cRNA (Fronhoffs et al. 2002). As each sample was a mixture of
both plant and endophyte RNA, lol/C expression was expressed
as a ratio with the amount of fungal beta-tubulin (fubB) RNA in
each sample. No reverse transcriptase controls were included for
each sample to ensure there was no contaminating RNA. Each
individual was run in duplicate (N. coenophialum) or triplicate
(N. uncinatum) and only runs where the coefficient of variation
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Figure1 Effects of N. coenophialum infection and previous
damage type on aphid survival on tall fescue. Error bars are
+ 1 standard error.
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Figure 3 Effects of time from damage and damage type
on the relative expression of /o/C in N. coenophialum (A)
and /o/C -1 and lolC -2 in N. uncinatum (B) over time and
between damage types for /o/C -1 in N. uncinatum (C).
Error bars are + 1 standard error.
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Figure 2 Effects of N. uncinatum infection and previous
damage type on fall army-worm development rate when
feeding on meadow fescue. Error bars are + 1 standard error.
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was less than 5% were used. The number of valid samples
were: N. coenophialum; 10 days post damage: E+ cut = 5; E+
herbivore = 5; E+ control = 3; at 24 days post damage (2 days
post aphid assay): E+ cut = 4, E+ herbivore = 6, E+ control = 7;
N. uncinatum; 3 days post damage: E+ cut = 7; E+ herbivore = 7;
E+ control = 7; 6 days post damage: E+ cut = 7; E+ herbivore =
7; E+ control = 7; 22 days post damage: E+ cut = 6; E+ herbivore
= 5; E+ control = 7).

Bioassay data were analysed using two-way ANOVA with
damage type (mechanical, herbivore, or control) and endophyte
infection (E+ or E-) as factors. Damage type and time from
damage were used as factors in the relative /o/C expression
analysis. All data were tested for normality and Box-Cox
transformed when appropriate.

Results

In tall fescue, there was a significant effect of both N.
coenophialum infection (Fig. 1, F, |, = 144.91, P<0.0001) and
the interaction between infection and damage type (Fig. 1, F, ,,
=3.29, P=0.04) on the number of living R. padi with E+ grasses
becoming more toxic to aphids after damage and E- grasses
becoming more susceptible.

In meadow fescue, fall armyworm feeding on E+ grasses had
an increased development time (Fig. 2, F, .. =34.63, P<0.0001)
and there was a significant interaction between damage treatment
and N. uncinatum infection (Fig. 2, F, \, =7.67, P=0.01). Fall
armyworm also had a greater final dry mass on E+ meadow
fescue (F, = 11.26, P=0.001).

lolC expression in N. coenophialum was significantly affected
by both the time from damage (Fig. 3A, F, ,, = 8.41, P=0.008)
and the interaction between time and damage type (Fig. 3A, F,
,4 = 3.54, P=0.045). In the control plants, expression at 10 days
was significantly less than expression at 24 days and less than the
herbivore damaged plants at both time points. Expression of the
two lo/C variants in N. uncinatum also changed over time (Fig.
3B,l0IC-1: F, ; =12.41,P<0.0001; lo/C-2: F, ,, =4.69,P=0.01)
and expression of /o/C -1 also varied by damage treatment (Fig.
3C; Fz, 5, = 3.80, P=0.03) with the cut and herbivore treatments
having a lower expression than the controls.

Discussion

The presence of Neotyphodium endophytes can alter its host’s
defensive strategy. In tall fescue, infection by N. coenophialum
provided an inducible chemical defense against subsequent
invertebrate herbivores while endophyte-free hosts became more
susceptible after damage. Damage did not affect fall armyworm
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development time in N. uncinatum infected meadow fescue, but
development time did increase in herbivore-damaged, endophyte-
free meadow fescue. Development time was still shorter than
in the comparable infected hosts, however, suggesting that N.
uncinatum was providing a high level of constitutive defenses,
overriding any innate inducible defense in meadow fescue.

Relative expression of /o/C varied over time for both N.
coenophialum and N. uncinatum. For N. coenophialum,
relative [o/C expression was greater in herbivore-damaged
plants compared to the control at 10 days. As /o/C expression
is correlated with loline production (Spiering et al. 2005), this
suggests an increase in defense response in damaged plants 10
days post-damage.

Expression of both /o/C -1 and lo/C -2 in N. uncinatum
varied over time, likely due to natural temporal variation in
gene expression. Damage type also affected relative /olC -
1 expression, although the control plants were higher than the
herbivore damaged plants. As N. uncinatum infected meadow
fescue had exhibited a high constitutive defense regardless
of damage treatment, the lower /o/C -1 expression may reflect
a shift in resources to growth in the herbivore-damaged plants
without a significant decrease in its defensive ability.

The presence of Neotyphodium endophytes appears to alter the
defensive strategy of its hosts. In tall fescue, N. coenophialum
provides an inducible defense for tall fescue while N. uncinatum
provides a constitutive defense to meadow fescue.
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