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1 | INTRODUCTION

Abstract

The plant hormone salicylic acid (SA) is recognized as an effective defence against biotrophic
pathogens, but its role as regulator of beneficial plant symbionts has received little attention.
We studied the relationship between the SA hormone and leaf fungal endophytes on herbivore
defences in symbiotic grasses. We hypothesize that the SA exposure suppresses the endophyte
reducing the fungal-produced alkaloids. Because of the role that alkaloids play in anti-herbivore
defences, any reduction in their production should make host plants more susceptible to
herbivores. Lolium multiflorum plants symbiotic and nonsymbiotic with the endophyte Epichloé
occultans were exposed to SA followed by a challenge with the aphid Rhopalosiphum padi. We
measured the level of plant resistance to aphids, and the defences conferred by endophytes
and host plants. Symbiotic plants had lower concentrations of SA than did the nonsymbiotic
counterparts. Consistent with our prediction, the hormonal treatment reduced the concentration
of loline alkaloids (i.e., N-formyllolines and N-acetylnorlolines) and consequently decreased the
endophyte-conferred resistance against aphids. Our study highlights the importance of the
interaction between the plant immune system and endophytes for the stability of the defensive
mutualism. Our results indicate that the SA plays a critical role in regulating the endophyte-
conferred resistance against herbivores.
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van Wees, 2013). The current model posits that JA-dependent defences

are effective against necrotrophic pathogens and chewing insect herbi-

Plants are continuously challenged by herbivores. Due to the selective
pressures exerted by the herbivores, plants have acquired mechanisms
to respond to herbivory (Agrawal, Hastings, Johnson, Maron, &
Salminen, 2012; Karban & Baldwin, 1997; Schoonhoven, van Loon, &
Dicke, 2005). For example, the plant immune system can be a highly
specific and effective defence against several groups of attackers
(Bari & Jones, 2009; Pieterse, Van der Does, Zamioudis, Leon-Reyes,
& Van Wees, 2012; Thaler, Humphrey, & Whiteman, 2012). These
responses are orchestrated by a group of interacting plant hormones
that include salicylic acid (SA), jasmonic acid (JA), and ethylene (Ballaré,
2014; Dicke & Baldwin, 2010; Heil & Ton, 2008; Pieterse et al., 2012;
Thaler et al., 2012). SA and JA govern the defensive responses of
plants against pathogens and insect herbivores (Ballaré, 2014; Bari &
Jones, 2009; Pieterse et al., 2012; Thaler et al., 2012; Vos, Pieterse, &

vores, whereas SA-dependent defences are effective against biotrophic
pathogens and sap-sucking insects (Ballaré, 2014; Glazebrook, 2005;
Kunkel & Brooks, 2002; Pineda, Dicke, Pieterse, & Pozo, 2013;
Schwartzberg & Tumlinson, 2014; Schweiger, Heise, Persicke, & Muller,
2014; Thaler et al., 2012). Although this model of plant immunity has
received considerable support, it is not clear how the model applies
when host defences are assisted by other organisms. Beneficial symbi-
otic microorganisms may modulate the immune responses of plants
and affect their interactions with natural enemies (Jung, Martinez-
Medina, Lopez-Raez, & Pozo, 2012; Pieterse et al., 2014; Pozo &
Azcén-Aguilar, 2007).

The association of plants with beneficial microorganisms generates
changes in the plant immune responses (Cameron, Neal, van Wees, &
Ton, 2013; Pieterse et al., 2014; Zamioudis & Pieterse, 2011). For
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example, the presence of certain species of bacteria (e.g., Rhizobium) and
mycorrhizal fungi activate systemic immune responses termed induced
systemic resistance and mycorrhiza-induced resistance, respectively
(Cameron et al., 2013; Jung et al., 2012; Pieterse et al., 2014; Pozo,
Lopez-Raez, Azcon-Aguilar, & Garcia-Garrido, 2015; Verhage, van
Wees, & Pieterse, 2010). Induced systemic resistance and mycorrhiza-
induced resistance differ from other types of induced resistance in that
symbiotic plants show a “primed state” of defence, usually related to the
JA pathway. In a primed state, plants exhibit an earlier, faster, stronger,
and/or more sustained expression of defences against pathogen or
insect attacks (Jung et al., 2012; Pieterse et al., 2014; Pineda et al.,
2013; Van Wees, Van der Ent, & Pieterse, 2008). When the JA pathway
is activated, symbiotic plants are generally more resistant to
necrotrophic pathogens and chewing insects than nonsymbiotic ones
(Jung et al., 2012; Pieterse et al., 2014; Pineda, Zheng, van Loon,
Pieterse, & Dicke, 2010; Zamioudis & Pieterse, 2011). However, it has
also been found that plants in symbiosis with mycorrhizal fungi are still
susceptible to biotrophic pathogens and certain species of sap-sucking
insects (Hartley & Gange, 2008; Jung et al., 2012; Pineda et al., 2013).
This susceptibility seems to result from the symbionts' active suppres-
sion of the SA pathway (Cameron et al., 2013; Jung et al., 2012; Pozo
et al,, 2015; Zamioudis & Pieterse, 2011).

The modulation of the plant immune responses results from the
continuous molecular crosstalk between plants and symbiotic microor-
ganisms (Gutjahr, 2014; Ryu, Cho, Choi, & Hwang, 2012). This
crosstalk has been primarily studied in symbiosis with mycorrhizal
fungi and certain rhizobacteria, which have to colonize the roots to
establish a stable symbiosis (Cameron et al., 2013; Gutjahr, 2014; Jung
et al., 2012; Oldroyd & Downie, 2008; Pozo et al., 2015; Ryu et al,,
2012). At the first step of the interaction (incipient symbiont coloniza-
tion), plants recognize these microorganisms as biotrophic pathogens
and activate the SA pathway. In response, the microorganisms produce
specific enzymes that suppress the SA pathway (Martinez-Abarca
et al., 1998; Siciliano et al., 2007), allowing themselves to colonize root
tissues and establish the symbiotic interaction (Jung et al., 2012; Pozo
& Azcon-Aguilar, 2007; Ryu et al, 2012; Stacey, McAlvin, Kim,
Olivares, & Soto, 2006; Yasuda et al., 2016; Zamioudis & Pieterse,
2011). In addition to the SA modulation by symbionts, the JA pathway
also responds to the communication between plants and microorgan-
isms. Enhanced levels of JA and the up-regulation of JA precursors or
JA-responsive genes have been observed in symbiotic plants (Jung
et al., 2012; Pieterse et al., 2014; Pozo et al., 2015; Wasternack &
Hause, 2013). However, the activation of the JA pathway seems to
be related to a plant mechanism that regulates the functionality of
the symbiosis (Jung et al, 2012; Nakagawa & Kawaguchi, 2006;
Pieterse et al., 2014; Pozo & Azcén-Aguilar, 2007; Sun et al., 2006;
Wasternack & Hause, 2013).

Some leaf fungal endophytes of the genus Epichloé (Clavicipitaceae
and Ascomycota) establish persistent symbioses with cool-season grass
species (Poodideae) and are strictly vertically transmitted from plant to
progeny (Clay, 1988; Gundel, Rudgers, & Ghersa, 2011; Schardl,
2010). The endophyte prevalence in grass populations (i.e., the propor-
tion of endophyte-symbiotic plants) depends on the host plant fitness
(relative to endophyte-free plants), and the efficiency in which fungal

endophytes are transmitted between generations (Gundel, Garibaldi,

Martinez-Ghersa, & Ghersa, 2011). Among the benefits associated with
endophyte symbiosis, alkaloid mediated herbivore defence has the
most experimental support (Clay, 1988; Saikkonen, Gundel, & Helander,
2013; Schardl, 2010). There are four well-described alkaloid classes pro-
duced by Epichloé endophytes: ergot alkaloids (i.e., ergopeptine and
ergovaline), indole-diterpenes (i.e., lolitrem B and terpendoles),
pyrrolizidines (i.e., lolines), and peramine (Panaccione, Beaulieu, & Cook,
2014; Saikkonen et al., 2013; Schardl et al., 2013; Schardl, Young,
Faulkner, Florea, & Pan, 2012; Young et al., 2015). The required enzy-
matic apparatus for synthesis of these alkaloids are encoded entirely
in the fungal genome, and most of the biosynthesis routes have been
already elucidated (Schardl et al., 2013; Schardl, Grossman, Nagabhyru,
Faulkner, & Mallik, 2007; Young et al., 2015). The fungal species and
strains determine the alkaloid profiles, whereas the production level
can also depend on other factors such as the plant species, plant
tissue/organ, environmental conditions, and the concentration of the
fungus present in the plant (Ball, Prestidge, & Sprosen, 1995; Justus,
Witte, & Hartmann, 1997; Rasmussen et al., 2007; Ryan, Rasmussen,
Xue, Parsons, & Newman, 2014; Saikkonen et al., 2013).

The presence of Epichloé fungal endophytes leads to a modulation
of the plant SA signalling pathway. A recent study showed a general pat-
tern of down-regulation of genes related to biosynthesis and signalling
of SA in Lolium perenne plants associated with its common endophyte
E. festucae strain FI1 (Dupont et al., 2015). Furthermore, several marker
genes of the SA pathway can be down-regulated in endophyte-symbiotic
plants (Dupont et al., 2015; Johnson, Johnson, Schardl, & Panaccione,
2003). The down-regulation of the SA pathway could be the result of
an active control by the endophyte on the host immune system by
specific fungal effectors (Ambrose & Belanger, 2012). Evidence of
biotrophic pathogen susceptibility also supports the hypothesis that the
presence of the endophyte decreases SA-dependent plant defences
(Welty, Barker, & Azevedo, 1991, 1993; WAali, Helander, Nissinen, &
Saikkonen, 2006; Krauss, Harri, Bush, Power, & Muller, 2007; Dariusz,
Matgorzata, & Mikotaj, 2011; Sabzalian, Mirlohi, & Sharifnabi, 2012).

Here, we studied the interaction between the SA hormone and
leaf fungal endophytes on herbivore defences in symbiotic grasses.
We subjected annual ryegrass plants (Lolium multiflorum), with and
without the common endophyte Epichloé occultans (Moon, Scott,
Schardl, & Christensen, 2000), to an exogenous application of SA
followed by a challenge with the generalist aphid Rhopalosiphum
padi (bird cherry-oat aphid). Epichloé occultans is known to produce
N-formylloline (NFL) and its precursor
N-acetylnorloline (NANL; Bastias et al., 2017; Moore, Pratley, Mace,
& Weston, 2015; Sugawara, Inoue, Yamashita, & Ohkubo, 2006). It
has previously been demonstrated that both the presence of
E. occultans (Bastias et al., 2017; Gundel et al., 2012; Miranda, Marina,
& Chaneton, 2011; Omacini, Chaneton, Ghersa, & Muller, 2001; Ueno
et al., 2015) and particularly these fungal lolines (Eichenseer, Dahlman,
& Bush, 1991; Johnson et al., 1985; Panaccione et al., 2014; Wilkinson
et al., 2000) have negative effects on the performance of R. padi. We

the loline alkaloids

predicted that the exogenous application of SA would stimulate the
immune system (specifically the SA pathway) in endophyte-free plants,
increasing the overall resistance level and consequently reducing the
population size of the aphids. However, because Epichloé fungal

endophytes are biotrophic microorganisms, the exposure of symbiotic
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plants to exogenous SA would impair the alkaloid-based defences
decreasing the resistance level and consequently increasing the
population size of aphids. Our study helps to elucidate the functional
bases of the resistance responses of plants in symbiosis with leaf
fungal endophytes.

2 | MATERIAL AND METHODS

2.1 | Plant stock and aphid colony

Plants of Lolium multiflorum Lam., symbiotic and nonsymbiotic with the
fungal endophyte E. occultans (E+ and E-, respectively), were gener-
ated from one grass population collected from an old successional
pampean grassland (Argentina; 36° 00’ S, 61° 5’ W). Nonsymbiotic
plants were manipulatively generated by treating symbiotic seeds from
FO generation with a systemic fungicide (Triadimenol 150 g kg™%;
Baytan®). In order to multiply seeds, fungicide treated and untreated
seeds were sown in contiguous plots (1 m?, recall that the endophyte
E. occultans is strictly vertically transmitted and cannot move from plot
to plot except by seed dispersal, which was prevented through
collection) at the experimental field of the Institute IFEVA—CONICET,
College of Agronomy, Universidad de Buenos Aires, Argentina (34° 35’
S, 58° 28’ W). Plants from both plots were allowed to share pollen to
mitigate any genetic differentiation (L. multiflorum is obligately
outcrossing). Ripe seeds from each plot were harvested and stored in
dry conditions until the experiments commenced. The F1 seed-
symbiotic status in each seed lot was estimated by sampling 100 seeds
from each lot, clearing, staining, and examining each individually under
a microscope at 40X power (seed squash technique; Bacon & White,
1994; Card, Rolston, Park, Cox, & Hume, 2011). The frequency of F1
endophyte-symbiotic seeds was contrasting; 1% in fungicide-treated
and 99% in nontreated seed lots. In addition, the symbiotic status of
each experimental plant was reconfirmed by microscopic examination
of the sheath base of the outermost leaf (Bacon & White, 1994). This
protocol to obtain E+ and E- plants by removing the fungus has been
widely used (Kauppinen, Saikkonen, Helander, Pirttild, & Wili, 2016),
and some advantages are that (a) both plant groups share the same
genetic background (natural grass populations can include E+ and E-
plants with genetic differences; Gundel et al., 2013; Gundel, Omacini,
Sadras, & Ghersa, 2010) and that (b) any eventual toxic effect of the
fungicide on the F1 plants are likely to be negligible (similarly to other
studies; Gundel et al., 2015; Ueno et al., 2015). In particular, we did not
observe any evident effect of the fungicide treatment on the morphol-
ogy, phenology, and reproduction of our experimental plants.

During the normal growing season (autumn-winter-spring),
individual plants (E+: n = 50, and E-: n = 50) were grown in the field,
in 1.5-L pots (soil, sand, and peat). The plants were watered periodi-
cally in order to avoid water stress. In early spring, individual bird
cherry-oat aphids Rhopalosiphum padi (L.) were collected from the
same experimental field to generate a colony for our experiments.
The founder population of aphids was established from 200 apterous
adults that were reared for 6 weeks on wheat plants (cultivar Cronox;
Don Mario) under controlled conditions (21 °C [+1], photoperiod L16:
D8 h, and radiation 150 umol-m™2.s7%).
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2.2 | Design and set-up of the experiment

An experiment was conducted to test the defence responses of E+ and
E- plants to R. padi aphids. In mid spring, 14 E+ and 14 E- 18 weeks
old healthy plants were selected from the plant stock, and moved to
a growth chamber with the same environmental conditions as the
aphid colony. The plants had approximately 45 tillers each (range:
35-67) and were starting to flower. After a close examination to
ensure that there were no insects on them, the plants were individually
enclosed with a white voile fabric bag supported with a tubular plastic
net. Plants were acclimatized to the chamber conditions for 1 week
before applying the hormone treatments (see below).

The experiment was a 2 x 2 full factorial design, with endophyte
(E+, E-) and SA (SA+, SA-) as main factors. Prior to the SA treatment,
we recorded the number and phenological state (vegetative or repro-
ductive) of all tillers. Half of the plants from each endophyte status
(7 E+ and 7 E-) were sprayed with 10 ml of 0.5 mM of SA solution
(Biopack; Buenos Aires, Argentina) and the other half with 10 ml of
water. Three days after the SA application, each plant was challenged
with five adult apterous aphids (from our colony) and immediately
enclosed within the white voile fabric bags to avoid insect escape.
The delay between the SA application and the aphid challenge was
to allow the plants to develop a response prior to contact with aphids.

We followed aphid populations for 12 days. The number of aphids
on each plant (aphid population size) was counted at Days 4, 7, and 12
of the aphid challenge, which corresponds with Days 7, 10, and 15
since the SA application. On the plants, three serial harvests of tissues
were carried out in order to measure the physiological concentration
of hormones and fungal alkaloids. At the first harvest, two leaves (from
one tiller) per plant were removed just before aphid challenge (3 days
after the SA application) to measure the concentrations of defensive
hormones (SA and JA) by means of mass spectrometry (see below).
At Days 7 and 15 after the SA application (or Days 4 and 12 of the
aphid challenge), one tiller base (pseudostems formed by leaf sheaths)
per E+ plant was harvested to measure the concentration of fungal
alkaloids by means of gas chromatography (see below). The same pro-
cedure was performed on E- plants, although alkaloids were not quan-
tified. We harvested tillers where aphids were feeding. Considering
that tillers have some degree of independence (Yang & Hwa, 2008),
all the samples were removed from distant tillers, thus reducing the
effects of serial “clipping” of tissues on the physiological status of the
whole plant. In addition, we avoided sampling senescing plant tillers.
The total harvest of samples (for hormones and alkaloids) was around
a 1% of the total aboveground biomass. At Day 15 after the SA
application, we harvested, dried, and weighed the aboveground plant

tissues with an analytical balance (+0.1 g Mettler Toledo).

23 |

231 |
The analysis of trace amounts of SA and JA was achieved by
GC-MS/MS  after by N-Methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA). Leaf samples were freeze dried and
ground using a 2010 Geno/grinder® (SPEX®SamplePrep); 50-

100 mg of each sample was transferred to 2-ml screw-cap FastPrep

Quantification of SA and JA

Extraction and derivatization

derivatization
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tubes (Qbiogene, Carlsbad, CA) containing two steel balls (4 mm;
SPEX®SamplePrep). One millilitre of 100% acentronitrile (ACN) spiked
with 10 pl of internal standards (d6-SA: 100 ng and d5-JA: 100 ng;
CDN Isotopes; Pointe-Claire, QC, Canada) was added to the 2-ml
tubes and shaken for 10 min at 1,000 strokes per minute with 2010
Geno/grinder. Samples were centrifugated at 13,200 rpm for 20 min
at 4 °C, and supernatants were transferred to 2-ml glass vials
(Phenomenex®). The extraction protocol was repeated adding 1 ml
of 100% ACN without internal standards. After the centrifugation step,
supernatants were combined. The volume of plant extracts were
reduced to complete dryness in a concentrator (Savant SpeedVac,
Thermo Fisher Scientific Inc.), and dry samples were derivatized with
100 pl of MSTFA at 60 °C for 2 hr. After silylation, samples were

cooled down at room temperature prior to injection into the GC.

23.2 | GC-MS-MS method

A Scion TQ GC-MS/MS (Bruker Daltonics Inc.) was used with an
Agilent DB-5MS column (30 m long with 10 m guard column,
0.25 mm inner diameter, and 0.25 um film thickness) installed. The
GC was operated in constant flow mode (1 ml min~) with helium as
carrier gas. The inlet had temperature of 290 °C, and solution (1 pl)
injection was performed in the split mode at 1:20 ratio. The GC oven
was kept at 80 °C for 2 min before rising to 230 °C using a linear
gradient of 10 °C/min. After keeping constant for 1 min at 230 °C,
temperature was increased to 310 °C at 40 °C min"* and held for
5 min resulting in a 25-min total run time. The MS transfer line temper-
ature was set to 290 °C. The source temperature was set to 230 °C.
The data were acquired in electron impact positive ionization mode
at 70-eV energy and multiple reactions monitoring mode using 2-
mTorr collision pressure and 30-eV energy for precursor ion fragmen-
tation. For each compound, the precursor and product ion pair
transition with their corresponding retention times were as follows:
SA (267- > 73 m/z, 11.2 min), d6-SA (271- > 73 m/z, 11.1 min), JA
(222- > 73 m/z, 13.7 min), d5-JA (287- > 73 m/z, 13.2 min).

233 |
The SA and JA were quantified by isotope dilution analysis by adding

Isotope dilution analysis

10 pl of isotopically enriched salicylic and jasmonic acids to the plant
extracts prior to O-TMS derivatization. We took advantage of chro-
matographic behaviour differences of natural abundance and deute-
rium-labelled compounds, the isotope effect in chromatographic
separations results in retention time differences between compounds
at natural abundance and isotopically labelled. The retention time shift
for a given labelled compound depends on the number of deuterium
atoms in the molecule. Both hormones and their isotopically labelled
counterparts were found to have a less than 0.1-min difference in
retention time. Initially, standards of SA, SA-dé, JA, and JA-d5 were
run to determine optimal separation, retention times, and transitions
to monitor. The small difference in retention time between of SA,
SA-dé, JA, and JA-d5 was sufficient to reveal the presence and quan-
tity of these phytohormones. The plant matrix interference was not
observed. Two separate GC single reaction monitoring MS methods
to explore the transition of SA (267- > 73 m/z) and dé6-SA
(271- > 73) as well as the transition of JA (222- > 73 m/z) and d5-JA

(287- > 73 m/z) were conducted to ensure that detection of each
compound was optimized for maximum sensitivity. In the final stage of
method development, all compound separation differences were optimized
in multiple reactions monitoring to achieve a 5-nmol detection limit

with excellent chromatographic peak shape and signal to noise ratio.

2.4 | Quantification of lolines

Lolines were analysed using a modification of the method of Moore
et al.,, (2015). Samples of lyophilized and ground grass tissue (50 mg)
were additionally ground with a bead ruptor (FastPrep FP120, Savant
Instruments Inc., Farmingdale, NY, USA) with 3 x 3-mm stainless steel
beads in a 2-ml vial (10 s at 5 m s™%) in order to ensure a fine powder to
increase the efficiency of alkaloid extraction. Samples were extracted
for 1 hr with 50 pl of 40% methanol/5% ammonia and 1 ml of the
1,2-dichloroethane (containing 54.8-ng ml™! 4-phenylmorpholine as
internal standard). After centrifuging (5 min at 8,000 G) the superna-
tant was transferred to glass GC vials via a 10-mm filter for analysis.
The analysis was conducted on a gas chromatography-flame ionization
detector (GC2010Plus, Shimadzu Corporation, Japan) equipped with a
ZB-5 capillary column (30 m x 0.32 mm x 0.25 pum film; Phenomenex,
Torrance, CA, USA). The detection limit using this technique is 25 ug g™*

DW (dry weight).

2.5 | Statistical analyses

The response variables of concentration of SA and JA hormones were
analysed separately using linear effects models with the function gls
from the package nlme in R software (Pinheiro et al., 2009). The
models included the plant symbiotic status (E+, E-) and SA treatment
(SA+, SA-) as categorical factors. To accommodate deviations in the
variance homogeneity in both response variables (SA and JA), Varldent
variance structures were used on SA treatment and on the interaction
between SA treatment and plant symbiotic status, respectively (Zuur,
leno, Walker, Saveliev, & Smit, 2009). After that, all the analysis of
variance (ANOVA) assumptions were met.

Each alkaloid concentration (total lolines, NFL, and NANL) was
analysed separately using linear mixed-effects models with the same
package as above (Pinheiro et al., 2009). An outlier in the SA- treatment
was identified and removed from the dataset. This plant showed
alkaloid concentrations with an order of magnitude higher than the
treatment means (total lolines, NFL, and NANL: 1,930, 1,313, and
617 ug g~ DW, respectively). Thus, for each alkaloid response variable,
the dataset contained six SA- and seven SA+ replicates. The fixed
effects of the model included SA treatment (SA+, SA-), experimental
time (7 and 15 days since the SA application) as categorical factors
and the aphid population size at Days 7 and 15 as continuous
covariate; the random effect included the time nested in pot. Temporal
autocorrelation across of the repeated measurements was not
observed. Depending of the response variable, VarPower or VarExp
variance structures were used on the aphid population size to
accommodate deviations in the normality (Zuur et al., 2009). After that,
all the ANOVA assumptions were met.

The relationship between the concentrations of NFL and NANL

loline derivatives was analysed using mixed modelling and the nlme


http://www.spexsampleprep.com/2010genogrinder

BASTIAS ET AL.

package. The model considered the NFL concentration as response
variable with the fixed effects including SA treatment (SA+, SA-),
experimental time (7 and 15 days since the SA application) as categor-
ical factors and the NANL concentration as continuous covariate; the
random effect included the time nested in pot. We constructed
the statistical model based on the chemical role that NFL and NANL
derivatives have in the biosynthetic pathway, where NANL is the
substrate molecule to produce NFL (Charlton et al., 2014). To accom-
modate deviations of normality and problems of autocorrelation
between the repeated measures, we used VarExp variance structure
on the NANL concentration variable and a correlation structure
CorARMA (p = 1, g = 0), respectively (Pinheiro et al., 2009; Zuur et al.,
2009). After that, all the ANOVA assumptions were met.

The aphid population size (number of individuals) was analysed
with linear mixed-effects models using the package gimmADMB and
negative binomial distribution in R (Fournier et al., 2012). The fixed
effects in the model included plant symbiotic status (E+, E-), SA
treatment (SA+, SA-), and experimental time (4, 7, and 12 days since
the aphid challenge) as categorical factors, and the random effect
included the time nested in pot. Temporal autocorrelation between
the repeated measurements was not observed. All values are
means * SE of the mean.

3 | RESULTS

3.1 | Effects of SA and endophyte on plant
physiological levels of hormones

The plant defence hormones (i.e., SA and JA) responded differently to
the SA treatment and the endophyte presence. In line with our
hypothesis, the presence of the endophyte reduced the plant
physiological concentration of SA, endophyte status: F(1, 24) = 14.08,
p = .001; Figure 1, but independently of the hormonal treatment,
endophyte status x SA treatment: F(1, 24) = 0.16, p = .693; Figure 1.
The endophyte effect was particularly evident on plants not exposed

to SA, situation in which the E+ plants showed a reduction in SA

3500
T 1 sA
< 2800 1 JA
z
[a]
0 2100 |
o0
2
2 1400+
]
g
]
T 700}
NI
E- E+ E- E+ E- E+ E- E+
SA- SA+ SA- SA+
FIGURE 1 Effects of endophyte presence and salicylic acid

treatments on the physiological concentration of salicylic acid (SA)
and jasmonic acid (JA) hormones. White and grey bars show the plant
endogenous SA and JA concentrations, respectively. Bars filled out
with horizontal lines indicate plants symbiotic with the endophyte.
Bars denote means + SE of the mean
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concentration of about 41% (125 ng/g DW) compared to E- plants.
In addition, both endophyte-symbiotic and endophyte-free plants
exhibited a significant increase in SA concentration due to the
hormone treatment. Following the exogenous hormone application,
the physiological level of SA was around 12 times higher in plants
sprayed with SA (SA+) than in nonsprayed plants and independent of
the endophyte status of the plants, SA treatment: F(1, 24) = 188.63,
p < .001; Figure 1. In the case of the JA, the physiological concentra-
tion of this hormone was not altered by either the SA treatment or
the endophyte presence, SA treatment: F(1, 23) = 0.53, p = .473;
endophyte status: F(1, 23) = 0.38, p = .546; endophyte status x SA
treatment: F(1, 23) = 3.05, p = .094; Figure 1.

3.2 | Effects of SA on the concentration of fungal
loline alkaloids

The defence conferred by fungal endophytes (i.e., alkaloids) was
affected by the hormone treatment. The exposure of endophyte-
symbiotic plants to exogenous SA (SA+) had a 28% lower concentration
of total lolines than untreated plants, SA—; SA- and SA+, 643 + 52 and
457 + 65 pg g~* DW, respectively; F(1, 11) = 7.22, p = .021; Figure 2.
The same pattern of results was observed for each individual loline
derivative; compared to SA- plants, the levels were a 26% and
36% lower in SA+ plants for NFL and NANL, respectively, NFL:
F(1,11)=9.97,p=.009; NANL: F(1, 11) = 4.86, p = .049; Figure 2. There
was no effect of time, total lolines: F(1, 7) = 1.26, p = .297; NFL:
F(1,7)=2.04,p=.196; NANL: F(1,7) = 0.05, p =.822, nor the interaction
between the SA treatment and time, total lolines: F(1,7) = 0.31,p =.594;
NFL: F(1, 7) = 0.39, p = .548; NANL: F(1, 7) = 0.44, p = .530, on the

concentrations of lolines.

3.3 | Effects of SA on the relationship between NFL
and NANL alkaloids

The hormonal treatment also affected the relationship between the

loline derivatives. Not surprisingly, there was a significant positive

800 -

600

NFL

400 -

Lolines (ug g'! DW)

200 -

SA- SA+

FIGURE 2 Effects of the salicylic acid treatment on the concentration
of loline alkaloids in endophytic plants. Dotted and white bars indicate
the N-acetylnorloline (NANL) and N-formylloline (NFL) concentrations,
respectively. Note that NANL + NFL indicates the total loline
concentration. Each bar contains all the loline concentrations measured
along the experimental time (at Days 7 and 15 after the hormone
treatment; nsas = 14, nsa- = 12). Bars denote means + SE of the mean
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relationship between the concentrations of NFL and NANL alkaloids,
mean slope = 1.42 + 0.24, F(1, 7) = 215.75, p < .001; Figure 3a,b. How-
ever, this relationship varied with the time since the SA treatment
application, SA treatment x experimental time: F(1, 7) = 21.53,
p =.002; Figure 3a,b; the NFL concentration for a given level of NANL
increased 40% and 36% from Days 7 to 15 for plants under SA- and
SA+ conditions, respectively (SA- slopes at Days 7 and 15:
1.39 + 0.58 and 2.32 0.7 pg NFL pg™ NANL, respectively;
Figure 3a; SA+ slopes at Days 7 and 15: 1.41 + 0.25 pg and
2.22 +0.29 pg NFL pg™* NANL, respectively; Figure 3b). In addition,
at Day 7, the NFL concentration in SA+ treated plants was 58% lower
than in SA- treated plants, but this difference disappeared by Day 15
(intercepts in SA+ and SA- at Day 7: 165 + 33 and 262 + 102 pg
NFL g™* DW, respectively; intercepts in SA+ and SA- at Day 15:
131 + 24 and 82 + 124 pg NFL g™* DW, respectively; Figure 3a,b).

+

3.4 | Effects of SA and the endophyte on aphid
populations
The endophyte effect on the number of aphids per plant, a response

variable that reflects the level of plant resistance, depended on the
SA treatment, F(1, 72) = 7.44, p = .006; Figure 4a, and varied through

time, F(2, 72) = 10.26, p = .005; Figure 4b. In agreement with our pre-
diction, the endophyte-conferred resistance against aphids decreased
with the plant exposition to SA. The number of aphids in E+ plants
increased significantly threefold due to the application of SA (SA+ vs.
SA-). Contrary to our expectations, the same treatment did not change
the level of resistance to aphids in endophyte-free plants. The popula-
tion size only tended to decrease in E- plants with the SA exposure
(Figure 4a). In addition, the rate of aphid population increase was

greater on the E- plants than that on the E+ plants (Figure 4b).

4 | DISCUSSION

We hypothesized that the exogenous application of the SA hormone,
because of its role in plant defence against biotrophic pathogens,
would also suppress symbiotic beneficial fungal endophytes such as
Epichloé spp. Suppression of the symbiont would result in a concomi-
tant reduction in endophyte-produced alkaloids. Because of the role
that alkaloids play in anti-herbivore defences, any reduction in their
production should make host plants more susceptible to herbivores.
Our results support this hypothesis. Plants in symbiosis with Epichloé
fungal endophytes had lower concentrations of the SA hormone than

did the endophyte-free plants. Following the exogenous hormone
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FIGURE 3 Relationship between the loline alkaloid derivatives N-formylloline (NFL) and N-acetylnorloline (NANL) in endophytic plants (a) not
exposed and (b) exposed to salicylic acid hormone across the experimental time. Open circles and dashed lines indicate NFL-NANL relationship
after 7 days from the SA application, and close circles and solid lines indicate NFL-NANL relationship after 15 days
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FIGURE 4 Effects of (a) endophyte presence and salicylic acid treatments and (b) endophyte and time on the aphid population size (number of
aphids). Bars filled with horizontal lines indicate plants symbiotic with endophyte. Bars denote means + SE of the mean
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application, all plants achieved very high physiological concentrations
of the SA hormone. In line with our prediction, the hormonal treatment
reduced the concentration of loline alkaloids and consequently
decreased the endophyte-conferred resistance against aphids. The
endophyte-free plants did not show any significant change in the level
of resistance to aphids.

As a consequence of the communication between plant and ben-
eficial microorganisms, a well-established symbiosis normally results
in a down-regulation of the SA pathway (Navarro-Meléndez & Heil,
2014; Stacey et al., 2006; Yasuda et al., 2016). Consistent with reports
on other symbioses, we found that endophyte-symbiotic plants also
had lower concentrations of SA than did endophyte-free plants. This
is also consistent with the usually observed pattern of down-regulation
of biosynthetic genes and markers of the SA signalling pathway in
other grass-endophyte combinations (Dupont et al., 2015; Johnson
et al., 2003) (but see Schmid et al., 2017). In the case of Epichloé endo-
phytes, it is not known whether the down-regulation of SA production
is strictly controlled by the plant, the fungus, or some interaction of
mechanisms between them. The plants in our study were transitioning
from vegetative reproduction to sexual reproduction. This is precisely
the stage at which the endophyte is in an active growth phase,
attempting to colonize the reproductive meristems, and hence success
is likely dependent on the down-regulation of SA production (Gundel
et al., 2011; Justus et al., 1997).

Our results contrast with the findings of Ambrose et al., (2015)
who found that the presence of an Epichloé endophyte in red fescue
plants (Festuca rubra) had a null or even positive effect on SA concen-
trations, depending on the plant tissue (leaf/sheath) and the endo-
phyte strain. Apart from the obvious differences in terms of plant
and endophyte species, plant phenology, and type of tissues harvested
between the Ambrose et al. study and our study, there were other dif-
ferences that could also explain the discrepancies. One difference is
that Ambrose et al. used sexually reproducing fungi and the plants
were infected with native and nonnative fungal strains, whereas in
our study, plants were symbiotic with a native and asexual endophyte
species. It seems possible that the host immune system might respond
differently depending on the fungal life cycle and/or the endophyte-
host compatibility. In fact, recent studies suggested that these factors
could lead to a differential transcriptional reprograming of host plants
(Dinkins, Nagabhyru, Graham, Boykin, & Schardl, 2017; Schmid et al.,
2017). An enhanced concentration of SA could be a plant's mechanism
to regulate the excessive symbiont proliferation (Lopez-Raez et al.,
2010). This hypothesis has emerged from studies using mycorrhizal
fungi where plants increase the SA concentration after that symbiont
mycelium is above a certain threshold of biomass (Khaosaad, Garcia-
Garrido, Steinkellner, & Vierheilig, 2007; Lopez-Raez et al., 2010).
Thus, the amount of SA may depend on the interaction between the
endophyte life cycle and plant growth, the species-specific symbiotic
association, and/or the plant tissues.

The SA-dependent resistance has been proposed to be an effec-
tive mechanism of control against biotrophic pathogens and sap-suck-
ing insects (Ballaré, 2014; Glazebrook, 2005; Schwartzberg &
Tumlinson, 2014; Schweiger et al., 2014; Thaler et al., 2012). We
therefore expected that the exogenous SA application would increase

the resistance level in endophyte-free plants. However, despite the

fact that E- plants showed a significant increase in their physiological
SA concentration due to the hormone treatment, their subsequent
aphid population sizes were unaffected. Because the plant SA signal-
ling pathway is usually activated by the exogenous application of SA
the hormone (Feechan et al., 2005; Lawton et al., 1996; Loake & Grant,
2007; Uknes et al., 1992), our results suggest the possibility that
another hormonal pathway may be involved in the defensive
responses of endophytic plants to aphids. An increasing number of
studies are showing that plants respond to aphid attacks by means of
more complex signalling pathways that involve not only SA but also
JA and ethylene (Boughton, Hoover, & Felton, 2006; Cooper & Goggin,
2005; Cooper, Jia, & Goggin, 2004; De Vos et al, 2005; Ellis,
Karafyllidis, & Turner, 2002; Li et al., 2008; Li, Xie, Smith-Becker,
Navarre, & Kaloshian, 2006; Moran, Cheng, Cassell, & Thompson,
2002; Moran & Thompson, 2001; Park, Huang, & Ayoubi, 2006;
Zhu-Salzman, Salzman, Ahn, & Koiwa, 2004). In the case of endo-
phyte-grass symbioses, a previous study explored the defensive role
carried out by JA in the association between tall fescue plants
(S. arundinaceus) and fungal endophytes (Simons, Bultman, & Sullivan,
2008). In particular, the application of methyl jasmonate to endophyte
free-plants produced a significant increase in the plant's resistance to
aphids, reducing the population size of R. padi by about 50% (Simons
et al, 2008). In our study, the SA treatment did not affect the
physiological concentration of JA. Thus, our results suggest that the
SA hormone did not change the herbivory resistance level of endo-
phyte-free grass plants either directly or indirectly through subsequent
changes in JA production.

The exogenous application of SA has generally been found to dis-
rupt the benefits provided by microbial symbionts to host plants
(Hayat, Hayat, Irfan, & Ahmad, 2010). We observed that the benefit
delivered by the endophyte was also negatively affected by the SA
treatment, through a reduction in the concentration of fungal alkaloids.
It is likely that the alkaloid production had been disrupted by the SA
directly as a consequence of the hormone treatment; however, effects
mediated by the SA signalling pathway could have also taken place
(Herrera Medina et al, 2003; Khaosaad et al., 2007; Lépez-Réez
et al., 2010; Stacey et al., 2006). In general, the amount of alkaloids
can vary as result of two nonmutually exclusive mechanisms: variations
(a) in fungal biomass concentration (see Rasmussen et al., 2007) and (b)
in the rate of alkaloid production per unit of fungal biomass (see Ryan
et al., 2014). Because SA has commonly been observed as a regulator
of the symbiont proliferation in other symbioses (Fernadndez et al.,
2014; Hayat et al., 2010; Zamioudis & Pieterse, 2011), it is possible
that in our experiment, the variation in endophytic biomass was the
mechanism behind the reduction in the concentration of alkaloids.
Nevertheless, the possibility that the SA hormone directly or indirectly
affects the biosynthetic routes of fungal alkaloids is an alternative that
cannot be ruled out. For example, endophytic plants exposed to JA
hormone (actually methyl jasmonate) showed a down-regulation of
LolC gene that encodes for an enzyme of the biosynthesis of lolines
(Simons et al., 2008).

The SA hormone treatment reduced the concentration of loline
alkaloids, and consequently, it decreased the level of resistance of
endophyte-symbiotic plants to aphids, resulting in higher insect popu-

lation sizes. However, the loss of resistance in E+ plants was small
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considering the fact that endophytic plants showed an initial 12-fold
increase in their SA concentrations (due to the hormone treatment).
E+ plants were still highly resistant to aphids, with population sizes
fivefold smaller than those populations reared on E- plants. The
reduced resistance seen in E+ plants is consistent with the fact that
fungal lolines concentrations decreased 26-36% (depending of the
type of loline) as a consequence of the SA exposure. Additionally, a
subtle increase in the production of NFL from NANL loline derivatives
was detected 15 days after the SA exposure. This higher NFL-NANL
relationship could have partially compensated for the general reduc-
tion of lolines as a whole and thus help the plants to maintain a high
level of resistance to aphids after the SA exposition. Moreover, it is
worth noting that E+ plants not exposed to SA also showed an incre-
ment in NFL production after 12 days from the start of the aphid chal-
lenge (or 15 days after the SA exposition). This result suggests the
possibility that changes in production of NFL (from NANL) could have
been induced by the activity of aphid feeding on the plants.

In conclusion, this study highlights the importance of the
interaction between the plant immune system and the presence of leaf
fungal endophytes for the stability and persistence of the defensive
mutualism. Our results indicate that the hormone SA plays an
important role in regulating the endophyte-conferred resistance
against sap-sucking insects. An important consequence of this interac-
tion is that any ecological factor that significantly stimulates the SA
hormone could impact negatively on the endophyte and the benefits
that it provides. Consistent with this hypothesis is the evidence from
the episodic exposure of L. multiflorum plants to ground level ozone
gas, a contaminant of global change that elicits the plant SA
(Kangasjarvi, Jaspers, & Kollist, 2005), resulted in a significant reduc-
tion of the effectiveness of the defences provided by the endophyte
E. occultans (Ueno et al., 2015). Continued research on how changes
in endogenous SA levels affect the defence provided by endophytes
may give a more detailed idea about the plant regulation of the fungus.
Transgenic or mutant plants with specific defects in SA signalling path-
way would be useful for studying this issue. In the case of Lolium spp.
plants, although generation of transgenic plants has been successful
in certain cases (Bettany et al., 2003), better protocols are still needed
to increase mainly the plant transformation frequency and the stability
of transgenes in the Lolium genome (Lee et al., 2010). Finally, another
aspect to consider are effects that the endophytes could have on the
plant growth hormones (i.e., auxins, gibberellins, and others), which
regulate the defensive hormones (SA and JA; Ballaré, 2014). Although
it has been found that plant growth hormones are up-regulated in
endophyte-symbiotic plants (Dupont et al., 2015; Schmid et al,
2017), the impacts that the activation of these pathways on the host
defence responses are still unknown. To have a better understanding
how different ecological factors affect the functionality of grass-endo-
phyte symbiosis, more studies with a focus on the chemical crosstalk

between partners are required.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. Armen Charchoglyan (University of
Guelph) for assistance with GC-MS/MS (hormone analysis). D.A.B.

was supported by a fellowship from the Agencia Nacional de

Promocién Cientifica and CONICET, and from the Canadian Emerging
Leaders in the Americas Program (ELAP). Funding to support this
research was provided by the Agencia Nacional de Promocién
Cientifica FONCYT (PICT-2355) and the Universidad de Buenos Aires
UBA (UBACYT 2014-30BA) to M.AM.G. and P.E.G., Canadian Natural
Science and Engineering Research Council to J.A.N., and AgResearch
Ltd. to S.D.C. The authors have no conflicts of interest to declare.

ORCID

Daniel A. Bastias 2 http://orcid.org/0000-0002-0522-5538

REFERENCES

Agrawal, A. A, Hastings, A. P,, Johnson, M. T. J., Maron, J. L., & Salminen,
J. P. (2012). Insect herbivores drive real-time ecological and evolution-
ary change in plant populations. Science, 338, 113-116.

Ambrose, K. V., & Belanger, F. C. (2012). SOLID-SAGE of endophyte-
infected red fescue reveals numerous effects on host transcriptome
and an abundance of highly expressed fungal secreted proteins. PLoS
One, 7, €53214.

Ambrose, K. V., Tian, Z., Wang, Y., Smith, J., Zylstra, G., Huang, B., &
Belanger, F. C. (2015). Functional characterization of salicylate hydrox-
ylase from the fungal endophyte Epichloé festucae. Scientific Reports, 5,
10939.

Bacon, C. W., & White, J. F. Jr. (1994). Stains, media, and procedures
for analyzing endophytes. In C. W. Bacon, & J. F. White, Jr. (Eds.),
Biotechnology of endophytic fungi of grasses (pp. 47-56). Boca Raton:
CRC Press.

Ball, O. J., Prestidge, R. A, & Sprosen, J. M. (1995). Interrelationships
between Acremonium lolii, peramine, and lolitrem B in perennial rye-
grass. Applied and Environmental Microbiology, 61, 1527-1533.

Ballaré, C. L. (2014). Light regulation of plant defense. Annual Review of
Plant Biology, 65, 335-363.

Bari, R., & Jones, J. G. (2009). Role of plant hormones in plant defence
responses. Plant Molecular Biology, 69, 473-488.

Bastias, D. A., Ueno, A. C., Machado Assefh, C. R, Alvarez, A. E., Young,
C. A, & Gundel, P. E. (2017). Metabolism or behavior: Explaining the
performance of aphids on alkaloid-producing fungal endophytes in
annual ryegrass (Lolium multiflorum). Oecologia, 185, 245-256.

Bettany, A., Dalton, S., Timms, E., Manderyck, B., Dhanoa, M., & Morris, P.
(2003). Agrobacterium tumefaciens-mediated transformation of Festuca
arundinacea (Schreb.) and Lolium multiflorum (Lam.). Plant Cell Reports,
21, 437-444.

Boughton, A. J., Hoover, K., & Felton, G. W. (2006). Impact of chemical
elicitor applications on greenhouse tomato plants and population
growth of the green peach aphid, Myzus persicae. Entomologia
Experimentalis et Applicata, 120, 175-188.

Cameron, D. D., Neal, A. L, van Wees, S. C. M,, & Ton, J. (2013).
Mycorrhiza-induced resistance: More than the sum of its parts? Trends
in Plant Science, 18, 539-545.

Card, S. D., Rolston, M. P, Park, Z., Cox, N., & Hume, D. E. (2011). Fungal
endophyte detection in pasture grass seed utilising the infection layer
and comparison to other detection techniques. Seed Science and
Technology, 39, 581-592.

Charlton, N. D., Craven, K. D., Afkhami, M. E., Hall, B. A., Ghimire, S. R., &
Young, C. A. (2014). Interspecific hybridization and bioactive alkaloid
variation increases diversity in endophytic Epichloé species of Bromus
laevipes. FEMS Microbiology Ecology, 90, 276-289.

Clay, K. (1988). Fungal endophytes of grasses: A defensive mutualism
between plants and fungi. Ecology, 69, 10-16.

Cooper, W. C,, Jia, L., & Goggin, F. L. (2004). Acquired and R-gene-mediated
resistance against the potato aphid in tomato. Journal of Chemical
Ecology, 30, 2527-2542.


http://orcid.org/0000-0002-0522-5538

BASTIAS ET AL.

Cooper, W. R., & Goggin, F. L. (2005). Effects of jasmonate-induced
defenses in tomato on the potato aphid, Macrosiphum euphorbiae.
Entomologia Experimentalis et Applicata, 115, 107-115.

Dariusz, P, Matgorzata, J., & Mikotaj, T. (2011). Effect of Neotyphodium
uncinatum endophyte on meadow fescue yielding, health status and
ergovaline production in host-plants. Journal of Plant Protection
Research, 51, 362-370.

De Vos, M., Van Oosten, V. R,, Van Poecke, R. M. P, Van Pelt, J. A, Pozo,
M. J., Mueller, M. J,, ... Pieterse, C. M. J. (2005). Signal signature and
transcriptome changes of Arabidopsis during pathogen and insect
attack. Molecular Plant-Microbe Interactions, 18, 923-937.

Dicke, M., & Baldwin, I. T. (2010). The evolutionary context for herbivore-
induced plant volatiles: Beyond the “cry for help.”. Trends in Plant Sci-
ence, 15, 167-175.

Dinkins, R. D., Nagabhyru, P., Graham, M. A,, Boykin, D., & Schardl, C. L.
(2017). Transcriptome response of Lolium arundinaceum to its fungal
endophyte Epichloé coenophiala. New Phytologist, 213, 324-337.

Dupont, P, Eaton, C. J., Wargent, J. J., Fechtner, S., Solomon, P., Schmid, J.,

. Cox, M. P. (2015). Fungal endophyte infection of ryegrass

reprograms host metabolism and alters development. New Phytologist,
208, 1227-1240.

Eichenseer, H., Dahlman, D. L., & Bush, L. P. (1991). Influence of endophyte
infection, plant age and harvest interval on Rhopalosiphum padi survival
and its relation to quantity of N-formyl and N-acetyl loline in tall fescue.
Entomologia Experimentalis et Applicata, 60, 29-38.

Ellis, C., Karafyllidis, I., & Turner, J. G. (2002). Constitutive activation of
jasmonate signaling in an Arabidopsis mutant correlates with enhanced
resistance to Erysiphe cichoracearum, Pseudomonas syringae, and Myzus
persicae. Molecular Plant-Microbe Interactions, 15, 1025-1030.

Feechan, A.,, Kwon, E., Yun, B.-W., Wang, Y., Pallas, J. A, & Loake, G. J.
(2005). A central role for S-nitrosothiols in plant disease resistance. Pro-
ceedings of the National Academy of Sciences, 102, 8054-8059.

Fernandez, |., Merlos, M., Lopez-Réez, J. A., Martinez-Medina, A., Ferrol, N.,
Azcon, C,, ... Pozo, M. J. (2014). Defense related phytohormones regu-
lation in arbuscular mycorrhizal symbioses depends on the partner
genotypes. Journal of Chemical Ecology, 40, 791-803.

Fournier, D. A., Skaug, H. J., Ancheta, J., lanelli, J., Magnusson, A., Maunder,
M. N,, ... Sibert, J. (2012). AD model builder: Using automatic differen-
tiation for statistical inference of highly parameterized complex
nonlinear models. Optimization Methods and Software, 27, 233-249.

Glazebrook, J. (2005). Contrasting mechanisms of defense against
biotrophic and necrotrophic pathogens. Annual Review of Phytopathol-
ogy, 43, 205-227.

Gundel, P,, Helander, M., Casas, C., Hamilton, C., Faeth, S., & Saikkonen, K.
(2013). Neotyphodium fungal endophyte in tall fescue (Schedonorus
phoenix): A comparison of three northern European wild populations
and the cultivar Kentucky-31. Fungal Diversity, 60, 15-24.

Gundel, P. E., Garibaldi, L. A., Martinez-Ghersa, M. A., & Ghersa, C. M.
(2011). Neotyphodium endophyte transmission to Lolium multiflorum
seeds depends on the host plant fitness. Environmental and Experimental
Botany, 71, 359-366.

Gundel, P. E., Martinez-Ghersa, M. A., Omacini, M., Cuyeu, R., Pagano, E.,
Rios, R., & Ghersa, C. M. (2012). Mutualism effectiveness and vertical
transmission of symbiotic fungal endophytes in response to host
genetic background. Evolutionary Applications, 5, 838-849.

Gundel, P. E., Omacini, M., Sadras, V. O., & Ghersa, C. M. (2010). The inter-
play between the effectiveness of the grass-endophyte mutualism and
the genetic variability of the host plant. Evolutionary Applications, 3,
538-546.

Gundel, P. E., Rudgers, J. A., & Ghersa, C. M. (2011). Incorporating the pro-
cess of vertical transmission into understanding of host-symbiont
dynamics. Oikos, 120, 1121-1128.

Gundel, P. E., Sorzoli, N., Ueno, A. C., Ghersa, C. M, Seal, C. E., Bastias,
D. A., & Martinez-Ghersa, M. A. (2015). Impact of ozone on the viability
and antioxidant content of grass seeds is affected by a vertically

WILEY- m

transmitted symbiotic fungus. Environmental and Experimental Botany,
113, 40-46.

Gutjahr, C. (2014). Phytohormone signaling in arbuscular mycorrhiza
development. Current Opinion in Plant Biology, 20, 26-34.

Hartley, S. E., & Gange, A. C. (2008). Impacts of plant symbiotic fungi on
insect herbivores: Mutualism in a multitrophic context. Annual Review
of Entomology, 54, 323-342.

Hayat, Q., Hayat, S., Irfan, M., & Ahmad, A. (2010). Effect of exogenous
salicylic acid under changing environment: A review. Environmental
and Experimental Botany, 68, 14-25.

Heil, M., & Ton, J. (2008). Long-distance signalling in plant defence. Trends
in Plant Science, 13, 264-272.

Herrera Medina, M. J., Gagnon, H., Piché, Y., Ocampo, J. A., Garcixa
Garrido, J. M., & Vierheilig, H. (2003). Root colonization by arbuscular
mycorrhizal fungi is affected by the salicylic acid content of the plant.
Plant Science, 164, 993-998.

Johnson, L. J., Johnson, R. D., Schardl, C. L., & Panaccione, D. G. (2003).
Identification of differentially expressed genes in the mutualistic associ-
ation of tall fescue with Neotyphodium coenophialum. Physiological and
Molecular Plant Pathology, 63, 305-317.

Johnson, M. C., Dahlman, D. L., Siegel, M. R, Bush, L. P, Latch, G. C. M,,
Potter, D. A., & Varney, D. R. (1985). Insect feeding deterrents in endo-
phyte-infected tall fescue. Applied and Environmental Microbiology, 49,
568-571.

Jung, S., Martinez-Medina, A., Lopez-Raez, J., & Pozo, M. (2012).
Mycorrhiza-induced resistance and priming of plant defenses. Journal
of Chemical Ecology, 38, 651-664.

Justus, M., Witte, L., & Hartmann, T. (1997). Levels and tissue distribution
of loline alkaloids in endophyte-infected Festuca pratensis. Phytochemis-
try, 44, 51-57.

Kangasjarvi, J., Jaspers, P., & Kollist, H. (2005). Signalling and cell death in
ozone-exposed plants. Plant, Cell & Environment, 28, 1021-1036.

Karban, R., & Baldwin, I. (1997). Induced responses to herbivory. Chicago:
The University of Chicago Press.

Kauppinen, M., Saikkonen, K., Helander, M., Pirttila, A. M., & Wili, P. R.
(2016). Epichloé grass endophytes in sustainable agriculture. Nature
Plants, 2, 15224.

Khaosaad, T., Garcia-Garrido, J. M., Steinkellner, S., & Vierheilig, H. (2007).
Take-all disease is systemically reduced in roots of mycorrhizal barley
plants. Soil Biology and Biochemistry, 39, 727-734.

Krauss, J., Harri, S. A, Bush, L., Power, S. A., & Muller, C. B. (2007). Fungal
grass endophytes, grass cultivars, nitrogen deposition and the associa-
tions with colonizing insects. In A. J. Popay, & E. R. Thom (Eds.),
Proceedings of the 6th international symposium on fungal endophytes of
grasses (pp. 53-57). Christchurch, NZ: New Zealand Grassland
Association.

Kunkel, B. N., & Brooks, D. M. (2002). Cross talk between signaling path-
ways in pathogen defense. Current Opinion in Plant Biology, 5, 325-331.

Lawton, K., Friedrich, L., Hunt, M., Weymann, K., Delaney, T., Kessmann, H.,
. Ryals, J. (1996). Benzothiadiazole induces disease resistance in
Arabidopsis by activation of the systemic acquired resistance signal
transduction pathway. The Plant journal: for cell and molecular biology,
10, 71-82.

Lee, K.-W.,, Choi, G. J,, Kim, K.-Y., Yoon, S. H., Ji, H. C, Park, H. S., ... Lee,
S.-H. (2010). Genotypic variation of Agrobacterium-mediated transfor-
mation of Italian ryegrass. Electronic Journal of Biotechnology, 13, 8-9.

Li, Q., Xie, Q.-G., Smith-Becker, J., Navarre, D. A., & Kaloshian, I. (2006).
Mi-1-mediated aphid resistance involves salicylic acid and mitogen-
activated protein kinase signaling cascades. Molecular Plant-Microbe
Interactions, 19, 655-664.

Li, Y., Zou, J., Li, M., Bilgin, D. D., Vodkin, L. O., Hartman, G. L., & Clough,
S. J. (2008). Soybean defense responses to the soybean aphid. New
Phytologist, 179, 185-195.

Loake, G., & Grant, M. (2007). Salicylic acid in plant defence—The players
and protagonists. Cell Signalling and Gene Regulation, 10, 466-472.



BASTIAS ET AL.

1 “-.F‘ @

Lopez-Réez, J. A., Verhage, A., Fernandez, |., Garcia, J. M., Azcén-Aguilar, C.,
Flors, V., & Pozo, M. J. (2010). Hormonal and transcriptional profiles
highlight common and differential host responses to arbuscular mycor-
rhizal fungi and the regulation of the oxylipin pathway. Journal of
Experimental Botany, 61, 2589-2601.

Martinez-Abarca, F., Herrera-Cervera, J. A., Bueno, P., Sanjuan, J., Bisseling,
T., & Olivares, J. (1998). Involvement of salicylic acid in the establish-
ment of the Rhizobium meliloti-alfalfa symbiosis. Molecular Plant-
Microbe Interactions, 11, 153-155.

Miranda, M. I., Marina, O., & Chaneton, E. J. (2011). Environmental context
of endophyte symbioses: Interacting effects of water stress and insect
herbivory. International Journal of Plant Sciences, 172, 499-508.

Moon, C. D., Scott, B., Schardl, C. L., & Christensen, M. J. (2000). The evo-
lutionary origins of Epichloé endophytes from annual ryegrasses.
Mycologia, 92, 1103-1118.

Moore, J. R, Pratley, J. E., Mace, W. J., & Weston, L. A. (2015). Variation in
alkaloid production from genetically diverse Lolium accessions infected
with Epichloé species. Journal of Agricultural and Food Chemistry, 63,
10355-10365.

Moran, P. J., Cheng, Y. Cassell, J. L, & Thompson, G. A. (2002).
Gene expression profiling of Arabidopsis thaliana in compatible plant-
aphid interactions. Archives of Insect Biochemistry and Physiology, 51,
182-203.

Moran, P. J., & Thompson, G. A. (2001). Molecular responses to aphid feed-
ing in Arabidopsis in relation to plant defense pathways. Plant
Physiology, 125, 1074-1085.

Nakagawa, T. & Kawaguchi, M. (2006). Shoot-applied MelA

suppresses root nodulation in Lotus japonicus. Plant and Cell Physiology,
47,176-180.

© | WiLEY-

Navarro-Meléndez, A. L., & Heil, M. (2014). Symptomless endophytic fungi
suppress endogenous levels of salicylic acid and interact with the
jasmonate-dependent indirect defense traits of their host, lima bean
(Phaseolus lunatus). Journal of Chemical Ecology, 40, 816-825.

Oldroyd, G. E. D., & Downie, J. A. (2008). Coordinating nodule morphogen-
esis with rhizobial infection in legumes. Annual Review of Plant Biology,
59, 519-546.

Omacini, M., Chaneton, E. J., Ghersa, C. M., & Muller, C. B. (2001).
Symbiotic fungal endophytes control insect host-parasite interaction
webs. Nature, 409, 78-81.

Panaccione, D. G., Beaulieu, W. T., & Cook, D. (2014). Bioactive alkaloids
in vertically transmitted fungal endophytes. Functional Ecology, 28,
299-314.

Park, S. J., Huang, Y., & Ayoubi, P. (2006). Identification of expression pro-
files of Sorghum genes in response to greenbug phloem-feeding using
cDNA subtraction and microarray analysis. Planta, 223, 932-947.

Pieterse, C. M. J., Van der Does, D., Zamioudis, C., Leon-Reyes, A., &
Van Wees, S. C. M. (2012). Hormonal modulation of plant immunity.
Annual Review of Cell and Developmental Biology, 28, 489-521.

Pieterse, C. M. J., Zamioudis, C., Berendsen, R. L., Weller, D. M., Van Wees,
S. C. M,, & Bakker, P. A. H. M. (2014). Induced systemic resistance by
beneficial microbes. Annual Review of Phytopathology, 52, 347-375.

Pineda, A., Dicke, M., Pieterse, C. M. J., & Pozo, M. J. (2013). Beneficial
microbes in a changing environment: Are they always helping plants
to deal with insects? Functional Ecology, 27, 574-586.

Pineda, A., Zheng, S.-J., van Loon, J. J. A, Pieterse, C. M. J., & Dicke, M.
(2010). Helping plants to deal with insects: The role of beneficial soil-
borne microbes. Trends in Plant Science, 15, 507-514.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team. (2009) nime:
Linear and nonlinear mixed effects models. R package. R Foundation
for Statistical Computing, Vienna, Austria.

Pozo, M. J., & Azcédn-Aguilar, C. (2007). Unraveling mycorrhiza-induced
resistance. Current Opinion in Plant Biology, 10, 393-398.

Pozo, M. J., Lopez-Réez, J. A., Azcon-Aguilar, C., & Garcia-Garrido, J. M.
(2015). Phytohormones as integrators of environmental signals in the
regulation of mycorrhizal symbioses. New Phytologist, 205, 1431-1436.

Rasmussen, S., Parsons, A. J., Bassett, S., Christensen, M. J., Hume, D. E.,
Johnson, L. J., ... Newman, J. A. (2007). High nitrogen supply and carbo-
hydrate content reduce fungal endophyte and alkaloid concentration in
Lolium perenne. New Phytologist, 173, 787-797.

Ryan, G. D., Rasmussen, S., Xue, H., Parsons, A. J., & Newman, J. A. (2014).
Metabolite analysis of the effects of elevated CO, and nitrogen
fertilization on the association between tall fescue (Schedonorus
arundinaceus) and its fungal symbiont Neotyphodium coenophialum.
Plant, Cell & Environment, 37, 204-212.

Ryu, H., Cho, H., Choi, D., & Hwang, I. (2012). Plant hormonal regulation of
nitrogen-fixing nodule organogenesis. Molecules and Cells, 34, 117-126.

Sabzalian, M., Mirlohi, A., & Sharifnabi, B. (2012). Reaction to powdery
mildew fungus, Blumeria graminis in endophyte-infected and endo-
phyte-free tall and meadow fescues. Australasian Plant Pathology, 41,
565-572.

Saikkonen, K., Gundel, P., & Helander, M. (2013). Chemical ecology medi-
ated by fungal endophytes in grasses. Journal of Chemical Ecology, 39,
962-968.

Schardl, C. L. (2010). The Epichloae, symbionts of the grass subfamily
Pooideae. Annals of the Missouri Botanical Garden, 97, 646-665.

Schardl, C. L., Florea, S., Pan, J., Nagabhyru, P., Bec, S., & Calie, P. J. (2013).
The Epichloae: Alkaloid diversity and roles in symbiosis with grasses.
Current Opinion in Plant Biology, 16, 480-488.

Schardl, C. L., Grossman, R. B., Nagabhyru, P., Faulkner, J. R., & Mallik, U. P.
(2007). Loline alkaloids: Currencies of mutualism. Phytochemistry, 68,
980-996.

Schardl, C. L., Young, C. A,, Faulkner, J. R, Florea, S., & Pan, J. (2012).
Chemotypic diversity of Epichloae, fungal symbionts of grasses. Fungal
Ecology, 5, 331-344.

Schmid, J., Day, R., Zhang, N., Dupont, P.-Y., Cox, M. P., Schard|, C. L., ...
Zhou, Y. (2017). Host tissue environment directs activities of an
Epichloé endophyte, while it induces systemic hormone and defense
responses in its native perennial ryegrass host. Molecular Plant-Microbe
Interactions, 30, 138-149.

Schoonhoven, L. M., van Loon, J. J. A,, & Dicke, M. (2005). Insect-plant biol-
ogy. New York: Oxford University Press Inc.

Schwartzberg, E. G., & Tumlinson, J. H. (2014). Aphid honeydew alters plant
defence responses. Functional Ecology, 28, 386-394.

Schweiger, R., Heise, A., Persicke, M., & Muller, C. (2014). Interactions
between the jasmonic and salicylic acid pathway modulate the plant
metabolome and affect herbivores of different feeding types. Plant, Cell
& Environment, 37, 1574-1585.

Siciliano, V., Genre, A., Balestrini, R., Cappellazzo, G., deWit, P. J. G. M., &
Bonfante, P. (2007). Transcriptome analysis of arbuscular mycorrhizal
roots during development of the prepenetration apparatus. Plant Phys-
iology, 144, 1455-1466.

Simons, L., Bultman, T., & Sullivan, T. J. (2008). Effects of methyl jasmonate
and an endophytic fungus on plant resistance to insect herbivores.
Journal of Chemical Ecology, 34, 1511-1517.

Stacey, G., McAlvin, C. B., Kim, S.-Y., Olivares, J., & Soto, M. J. (2006).
Effects of endogenous salicylic acid on nodulation in the model
legumes Lotus japonicus and Medicago truncatula. Plant Physiology,
141, 1473-1481.

Sugawara, K., Inoue, T., Yamashita, M., & Ohkubo, H. (2006). Distribution of
the endophytic fungus, Neotyphodium occultans in naturalized Italian
ryegrass in western Japan and its production of bioactive alkaloids
known to repel insect pests. Grassland Science, 52, 147-154.

Sun, J., Cardoza, V., Mitchell, D. M., Bright, L., Oldroyd, G., & Harris, J. M.
(2006). Crosstalk between jasmonic acid, ethylene and nod factor
signaling allows integration of diverse inputs for regulation of nodula-
tion. The Plant Journal, 46, 961-970.

Thaler, J. S., Humphrey, P. T., & Whiteman, N. K. (2012). Evolution of
jasmonate and salicylate signal crosstalk. Trends in Plant Science, 17,
260-270.



BASTIAS ET AL.

Ueno, A. C., Gundel, P. E., Omacini, M., Ghersa, C. M., Bush, L. P, &
Martinez-Ghersa, M. A. (2015). Mutualism effectiveness of a fungal
endophyte in an annual grass is impaired by ozone. Functional Ecology,
30, 226-232.

Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S., ...
Ryals, J. (1992). Acquired resistance in Arabidopsis. The Plant Cell, 4,
645-656.

Van Wees, S. C., Van der Ent, S., & Pieterse, C. M. (2008). Plant immune
responses triggered by beneficial microbes. Current Opinion in Plant
Biology, 11, 443-448.

Verhage, A., van Wees, S. C. M., & Pieterse, C. M. J. (2010). Plant immunity:
it's the hormones talking, but what do they say? Plant Physiology, 154,
536-540.

Vos, I. A., Pieterse, C. M. J., & van Wees, S. C. M. (2013). Costs and benefits
of hormone-regulated plant defences. Plant Pathology, 62, 43-55.

Wili, P. R, Helander, M., Nissinen, O., & Saikkonen, K. (2006). Susceptibility
of endophyte-infected grasses to winter pathogens (snow molds).
Canadian Journal of Botany, 84, 1043-1051.

Wasternack, C., & Hause, B. (2013). Jasmonates: Biosynthesis, perception,
signal transduction and action in plant stress response, growth and
development. An update to the 2007 review in annals of botany. Annals
of Botany, 111, 1021-1058.

Welty, R. E., Barker, R. E., & Azevedo, M. D. (1991). Reaction of tall fescue
infected and noninfected by Acremonium coenophialum to Puccinia
graminis subsp. graminicola. Plant Disease, 75, 883-886.

Welty, R. E., Barker, R. E., & Azevedo, M. D. (1993). Response of field-
grown tall fescue infected by Acremonium coenophialum to Puccinia
graminis subsp. graminicola. Plant Disease, 77, 574-575.

WILEY- ' I

Wilkinson, H. H., Siegel, M. R,, Blankenship, J. D., Mallory, A. C., Bush, L. P,
& Schardl, C. L. (2000). Contribution of fungal loline alkaloids to protec-
tion from aphids in a grass-endophyte mutualism. Molecular Plant-
Microbe Interactions, 13, 1027-1033.

Yang, X., & Hwa, C. (2008). Genetic modification of plant architecture and
variety improvement in rice. Heredity, 101, 396-404.

Yasuda, M., Miwa, H., Masuda, S., Takebayashi, Y., Sakakibara, H., &
Okazaki, S. (2016). Effector-triggered immunity determines host geno-
type-specific incompatibility in legume-Rhizobium symbiosis. Plant and
Cell Physiology, 57, 1791-1800.

Young, C. A, Schardl, C. L., Panaccione, D. G., Florea, S., Takach, J. E,,
Charlton, N. D., ... Jaromczyk, J. (2015). Genetics, genomics and evolu-
tion of ergot alkaloid diversity. Toxins, 7, 1273-1302.

Zamioudis, C., & Pieterse, C. M. J. (2011). Modulation of host immunity by
beneficial microbes. Molecular Plant-Microbe Interactions, 25, 139-150.

Zhu-Salzman, K., Salzman, R. A,, Ahn, J.-E., & Koiwa, H. (2004). Transcrip-
tional regulation of Sorghum defense determinants against a phloem-
feeding aphid. Plant Physiology, 134, 420-431.

Zuur, A. F., leno, E. N., Walker, N. J., Saveliev, A. A., & Smit, G. M. (2009).
Mixed effects models and extensions in ecology with R (1st ed.). USA:
Springer Sciences.

How to cite this article: Bastias DA, Alejandra Martinez-
Ghersa M, Newman JA, Card SD, Mace WJ, Gundel PE. The
plant hormone salicylic acid interacts with the mechanism of
anti-herbivory conferred by fungal endophytes in grasses. Plant
Cell Environ. 2018;1-11. https://doi.org/10.1111/pce.13102



https://doi.org/10.1111/pce.13102

