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Although the role of fungal alkaloids in protecting grasses associated with
Epichloë fungal endophytes has been extensively documented, the effects of
the symbiont on the host plant’s immune responses have received little atten-
tion. We propose that, in addition to producing protective alkaloids, endo-
phytes enhance plant immunity against chewing insects by promoting
endogenous defense responses mediated by the jasmonic acid (JA) pathway.
We advance a model that integrates this dual effect of endophytes on plant
defenses and test its predictions by means of a standard meta-analysis. This
analysis supports a role of Epichloë endophytes in boosting JA-mediated plant
defenses. We discuss the ecological scenarios where this effect of endophytes
on plant defenses would be most beneficial for increasing plant fitness.

Defenses in Symbiotic Plants
Herbivory is one of the most important threats for plants, impacting net primary productivity in
natural ecosystems and causing important economic losses in agriculture [1]. As a result of
coevolution with a diverse group of herbivores, plants have acquired a variety of mechanisms
and strategies to defend themselves [2–4]. At the same time, plants establish interactions with
other organisms that have beneficial or detrimental effects on fitness, such as mutualistic fungi
and bacteria, parasites, and pathogens. Although the mechanisms of plant defenses have
been very well documented [2–5], it is less clear how these defenses work when plants are
associated with other organisms, such as beneficial microorganisms.

The association of plants with microorganisms modulates the relationships between plants and
herbivores [6–9]. It has been pointed out that symbioses with mycorrhizal fungi and certain
rhizobacteria confer additional defensive mechanisms as a consequence of the modulation of
the immune system of the host plants [10–14]. Specifically, these symbionts generally modulate
plant hormonal pathways involved in defenses to successfully colonize the host plant and to
establish the symbiosis [14,15].

The effects of vertically transmitted Epichloë fungal endophytes of grasses on plant defenses
are not well understood. The endophytes are an active source of bioactive alkaloids that protect
their host plants against herbivores [16,17]. Therefore, the grass–endophyte symbiosis is
considered a case of ‘defensive mutualism’ [18] (Box 1). However, it is striking how little is
known about the effects of Epichloë endophytes on the immune responses of their host plants.
Only 3% of the 109 published articles dealing with the effects of fungal endophytes on plant–
herbivore interactions discuss topics related to the hormonal pathways involved in plant
defense (Scopus database; December 2016). Here we propose that a better understanding
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of the different ecological outcomes of grass–endophyte symbioses could be achieved by
simultaneously considering the alkaloid-based defense mechanism and the potential effects of
these endophyte symbionts on the immune responses of their hosts.

With a focus on the symbiosis between Epichloë fungal endophytes and grasses, we advance a
model that takes into account fungal alkaloids and plant defensive hormonal pathways [mainly
salicylic acid (SA) and JA]. Based on knowledge derived from other symbioses for which more
information exists (e.g., plant–mycorrhizal and plant–rhizobacterial interactions), the model
incorporates the potential modulation of plant defensive hormones by the fungal endophytes.
The model allows us to predict whether endophyte-symbiotic plants would be defended
against insects belonging to different feeding guilds and which mechanisms would explain
the defense phenotype (Figure 1, Key Figure).

We took two complementary approaches to validate our conceptual framework and the
predictions of our model. First, we reviewed the literature looking for evidence that Epichloë
endophytes affect the immune system of the host plant. Second, the predictions of the model
were evaluated through a standard meta-analysis of published results. The strength of the
model is that it offers a robust framework to understand grass–endophyte interactions under
different scenarios of herbivory.

Mechanisms of Plant Defense against Insects
Before considering the effects of Epichloë endophytes on plant resistance to herbivores (Box 1),
it is necessary to briefly outline the functional bases of the mechanisms of plant defense (for
comprehensive reviews see [2,13,19,20]) and the effects of other beneficial microorganisms on
plant responses to herbivory. Defensive mechanisms are classified as constitutive, if they are
switched on by default, or inducible, if they are activated on attack [2,4]. Compared with
constitutive mechanisms of resistance, inducible expression is thought to have evolved as a
cost-effective strategy [2,5]. Examples of inducible defenses include the plant hypersensitive
reaction (HR), systemic acquired resistance (SAR), and herbivore-induced production of toxins,
antinutritional compounds, and indirect defenses, such as plant volatiles. These responses are
controlled by a group of hormones that includes SA, JA, and ethylene (ET) [2,3,5]. JA and SA
are important factors regulating responses to insect herbivores and pathogens [5,20,21]. The
predominant model establishes that SA-dependent defenses are effective against biotrophic
pathogens (see Glossary) and sap-sucking insect herbivores whereas JA-dependent
defenses are effective against necrotrophic pathogens and chewing insects [5,22–26].
In addition, SA and JA may have antagonistic actions in several systems [5].

Effects of Beneficial Microorganisms on Plant Immunity
The association between plants and beneficial microorganisms can have important conse-
quences on the plant immune system [13,27,28]. Certain species of rhizobacteria and mycor-
rhizal fungi induce special types of systemic defenses, which are termed induced systemic
resistance (ISR) and mycorrhiza-induced resistance (MIR), respectively [12–14,29–31]. Essen-
tially, ISR and MIR are distinguished from other induced resistance mechanisms because

Glossary
Biotrophic microorganisms:
microorganisms feeding on living
plant tissues. Generally, they live
between plant cells, using only a
group of cells to obtain the nutrients
by means of specialized structures
called haustoria.
Chewing insects: known as
mandibulates, these insects possess
mandibles (or jaws) equipped with
tooth-like ridges that serve to cut
and grind plant tissues. Chewing
insects include herbivore species
belonging to the orders Lepidoptera
(larvae of months and butterflies),
Orthoptera (grasshoppers), and
Coleoptera (beetles).
Necrotrophic microorganisms:
microorganisms that kill plant tissues,
by means of enzymes or toxins that
cause the disintegration of plant
cells, and feed on the released
nutrients.
Sap-sucking insects: insects
possessing tubular mouthparts called
haustella that serve to pierce plant
tissues and imbibe plant fluids in the
form of phloem, xylem, and the
contents of mesophyll cells. Sap
suckers include species belonging to
the order Hemiptera, such as aphids
and whiteflies.

Box 1. Endophyte Alkaloids

The positive effect of Epichloë endophytes on plant defense has been traditionally attributed to the fungal alkaloids.
Alkaloids are nitrogen-rich compounds and four classes have been well characterized in endophytes: ergot alkaloids
(i.e., ergopeptine and ergovaline), indole diterpenes (i.e., lolitrem B and epoxy-janthitrem), pyrrolizidines (i.e., lolines), and
peramine [8,16,68–71]. All enzymes for their synthesis are encoded in the fungal genome and all of the biosynthetic
routes have been mostly elucidated [16,71,72]. Alkaloid profiles depend on the endophyte species and strain and the
amount of alkaloids is associated with the plant’s phenological stage, plant tissue, and environmental conditions
[8,73,74]. In addition, the effectiveness of alkaloid defenses against a given attacker depends on the concentration and
the chemical type of alkaloid produced by the endophyte [8,16,75,76].
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symbiotic plants have a ‘primed state’ of defenses generally associated with the JA pathway.
Primed plants display faster, earlier, stronger, and/or more sustained expression of defenses on
pathogen or insect attack [7,13,32]. The mechanism behind ‘priming’ is not completely clear,
but it might involve accumulation of transcription factors and signaling proteins in cells. These
factors remain inactive in enemy-free environments but when a potential attacker is detected
they promote the rapid activation of a plant response [13,19,32,33].

The priming of defenses and other modifications of the plant immune system are a conse-
quence of the continuous molecular dialog between plants and microorganisms during colo-
nization and the establishment of symbiosis [14,15]. At colonization, plants recognize a given
microorganism, either a rhizobacterium or a mycorrhizal fungus, as a biotrophic organism that

Key Figure

Schematic Representation Showing the Combined Effects of Epichloë
Endophyte-Produced Defenses (Alkaloids) and the Plant’s Own
Defenses on Plant Resistance to Insects Belonging to Two Different
Feeding Guilds
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Figure 1. In the case represented in the figure, the endophyte generates a profile of effective alkaloids (EAs) against both
chewing and sap-sucking insect species. Plant defenses, mediated by the jasmonic acid (JA) and salicylic acid (SA)
pathways, are effective only against chewing insects because, according to the model, defenses against sap-sucking
insects are dependent on SA and the SA pathway is repressed by the endophyte. The model predicts that plant resistance
to sap-sucking insects is solely dependent on the effectiveness of the alkaloids produced by the fungus, whereas
resistance to chewing insects is mediated by both EA-based and JA-dependent defenses. Arrows indicate positive
regulation and truncated connectors indicate inhibition or negative regulation. Unbroken lines indicate functional con-
nections that are well documented in the literature; broken lines denote assumptions of the model that require further
testing by direct experimentation. Image of endophyte fungus was provided by I. Hernández.
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activates the SA pathway and the microorganism responds by repressing this pathway by
means of specific effectors to establish an interaction with the future host [14,31,34,35]. As a
consequence of this initial communication between partners, a well-established symbiosis
typically shows a repressed SA pathway, enhanced levels of JA and JA precursors, and
upregulated JA-responsive genes [13,14,31,36]. The increased level of JA seems to be
involved in regulation of the development and functioning of the symbiont in mycorrhizal plants
[14,31,37]. Proteins that repress the SA pathway have been identified. For example, the
mycorrhizal fungus Gigaspora margarita expresses the Ca2+/calmodulin kinase DMI3, which
suppresses genes related to SA in Medicago truncatula [38]. Nod factors, which are required
for the establishment of symbiosis between Medicago sativa and the rhizobacterium Rhizobium
meliloti, are also known to suppress the SA pathway [39].

This fine-tuned regulation of the SA and JA signaling pathways by beneficial microorganisms
could explain their effects on plant resistance to herbivorous insects. Thus, while symbiotic
plants are usually well defended against chewing insects, they are susceptible to sap-sucking
insects [40], presumably because the JA pathway is primed whereas the SA pathway is
repressed [30,31,35,41,42]. This is also consistent with the observation that mycorrhization
tends to increase plant resistance to necrotrophic pathogens while reducing defenses against
biotrophic microorganisms [10,31].

Epichloë-Driven Changes in Host Plant Immune System
Whereas our understanding of the impacts of rhizobacteria or mycorrhizal fungi on plant
defenses has increased rapidly, virtually nothing is known on the effects of Epichloë endophytes
on the immune responses of their hosts. As found in symbioses between plants and other
beneficial microorganisms, the communication of endophytes and grasses leads to transcrip-
tional reprogramming of the plant. A recent study with the Lolium perenne–Epichloë festucae
var. lolii system showed that 38% of the host genes were differentially expressed between
endophyte-symbiotic and non-symbiotic plants [43]. Differentially regulated genes included GO
categories related to primary and secondary metabolism, response to biotic and abiotic stress
factors, and hormonal responses, with a general downregulation of genes related to SA
biosynthesis and signaling [43]. As found in previous studies on the symbioses between plants
and other biotrophic microorganisms, the downregulation of SA may be the result of active
suppression of plant defense by Epichloë endophytes [14,44,45]. This could be achieved by
means of a salicylate hydroxylase synthesized by the endophyte that has been found to be
upregulated in the Festuca rubra–E. festucae symbiotic system [46] (but see [47]). The SA
hydroxylase catalyzes the transformation of salicylate into the inactive product catechol [46].
Several PR genes were down-regulated in the L. perenne–E. festucae var. lolii symbiosis [43]
and the PR-10 gene was downregulated in the Schedonorus arundinaceus–Epichloë coeno-
phiala symbiosis [48]. In addition to the changes in the SA pathway, another study suggested
that the presence of the endophyte could also directly affect the JA pathway. Plants of tall
fescue (S. arundinaceus) symbiotic with E. coenophiala showed increased expression of the
TFF41 plant gene. The TFF41 protein has high similarity with the v-3 FAD enzymes of potato
and parsley, which increase the abundance of trienoic fatty acids that are precursors of JA [48].
Nonetheless, whether upregulation of the TFF41 gene leads to a higher level of JA is currently
unknown.

Indirect evidence also supports the idea that Epichloë endophytes suppress SA-mediated
immune responses. For example, endophyte-symbiotic plants were found to be more sus-
ceptible to a group of biotrophic pathogens, such as Puccinia graminis, Blumeria graminis,
Typhula ishikariensis, and Claviceps purpurea, than their non-symbiotic counterparts [49–54].
Moreover, evidence is emerging that this apparent downregulation of the SA pathway may be
accompanied by an enhanced JA response. The endophyte E. festucae var. lolii strain AR1 had
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a negative effect on the performance of the chewing insect Heteronychus arator that was
apparently independent of the fungal alkaloids [55]. Recent studies have revealed the mole-
cules that could explain this alkaloid-independent resistance. For instance, metabolomic
studies showed that endophyte-symbiotic L. perenne plants had augmented levels of non-
alkaloid metabolites such as phenylpropanoids [56,57]. More recently, another study with the
same symbiotic system showed upregulation of several genes involved in the phenylpropanoid
pathway [43]. In addition, higher levels of phenolic compounds were detected in various plant
tissues of the S. arundinaceus–E. coenophiala and L. perenne–E. festucae var. lolii symbioses
[58,59]. Whether this positive effect of endophytes on the accumulation of phenolic com-
pounds is dependent on activation of the JA pathway remains to be elucidated.

Toward an Integrative Model of Defenses in Plants Symbiotic with Epichloë
Endophytes
We propose that Epichloë fungal endophytes increase plant resistance to herbivory via two
different mechanisms: production of fungal alkaloids and promotion of the JA pathway in the
host plant. While the JA-dependent defenses would be effective against a broad spectrum of
chewing insects, alkaloid-based defenses would be more specific, depending on the alkaloid
type and the identity of the attacker (Box 1). As described for other symbiotic interactions, the
promotion of the JA pathway would be a consequence of the manipulation on the plant immune
system by the endophyte during the molecular dialog that leads to the establishment of the
mutualistic relationship. The conceptual framework is depicted graphically in Figure 1. The
model predicts scenarios of resistance or susceptibility of plants in symbiosis with Epichloë
endophytes, depending on the endophyte species and the feeding guild of the insect herbivore.

Predicted Response of Endophyte-Symbiotic Plants to Sap-Sucking Insects
Epichloë endophytes may permanently depress the SA pathway, which would result in
potential susceptibility of plants to sap-sucking insects. However, if a given symbiont produces
effective alkaloids (EAs) against a given species of sap-sucking insect, the model predicts a
resistant phenotype mediated by alkaloids (Figure 1). By contrast, if the symbiont does not
produce alkaloids that are effective against sap-sucking insects [i.e., it produces ineffective
alkaloids (IAs)], the model predicts that symbiotic plants will be susceptible to insects of that
feeding guild.

Predicted Response of Endophyte-Symbiotic Plants to Chewing Insects
Epichloë endophytes may permanently prime the JA pathway in host plants, which would result
in increased resistance to chewing insects. Thus, if the endophyte is a source of EAs against
one particular species of chewing insect, the model predicts plant resistance mediated by both
alkaloids and JA-enhanced defenses (Figure 1). By contrast, if the symbiont produces IAs for a
given chewing insect, the model predicts a response of resistance mediated only by JA-
dependent defenses.

Searching for Evidence of Epichloë Endophyte-Mediated Induction of JA
Defenses in Host Plants: A Meta-Analysis
To test the model predictions (Figure 1), we reviewed published results, which were synthesized
and quantitatively analyzed through a standard meta-analysis [see the supplemental informa-
tion online for details of the data selection criteria, the meta-analysis methods, and the
complete list of selected articles and experiments (Table S1)].

We first determined which types of alkaloids are effective (EAs) or ineffective (IAs) as defenses
for each of the insect species included in the reviewed studies (Table 1). Alkaloids were
considered EAs if the available evidence showed that they had a negative effect on the
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performance of a given species of herbivore or IAs if the evidence showed a neutral (or even
positive) effect on the insect’s performance. This information was obtained from experiments
comparing effects between wild-type and mutant endophytes displaying well-characterized
defects in alkaloid pathways or between fungal strains with contrasting alkaloid profiles and
from bioassays using artificial diets with various fungal alkaloids (see references in Table 1). With
this information we evaluated whether each of the symbionts included in Table S1 had EAs for
the specific insect attacker tested in the study.

Epichloë Endophyte Effects on Insect Herbivores
We performed three different meta-analyses using the same database (Table S1). The first was
conducted to test the overall impact of the presence of the endophyte on insect performance.
In the second analysis, we estimated the effect of the endophyte on each insect feeding guild
(i.e., sap suckers and chewers). In the third analysis, we compared the effects of the endophyte
on insect performance within each feeding guild taking into account the effectiveness of the
alkaloids (IAs and EAs). A negative effect size indicates a negative effect of the endophyte on
insect performance while a positive effect size means the opposite (see the supplemental
information online for details).

Effects of Epichloë Endophytes on Plant Resistance to Insects
There was an overall negative effect of the presence of an endophyte symbiont on the
performance of grass insect herbivores (main effect size = �1.35, 95% CI = �1.75 to
�1.01) with no differences between insect feeding guilds (Qb = 2.87, P = 0.09, df = 1) (Figure 2)
(sap suckers: effect size = �1.54, 95% CI = �2.08 to �1.07; chewers: effect size = �0.95,
95% CI = �1.43 to �0.55). The Rosenthal fail-safe number was higher than the reference
number [feeding guild: 1109.5 > 5 * (39) + 10] indicating that the statistical inference was
robust (see the supplemental information online for more details).

When the analysis was limited to sap-sucking insects, the observed endophyte effect was
strongly dependent on whether the alkaloids produced by the fungus were effective against the
specific attacker tested in the study (Qb = 13.46, P < 0.001, df = 1) (Figure 2) (sap suckers/EA:
effect size = �1.89, 95% CI = �2.40 to �1.44; sap suckers/IA: effect size = 0.06, 95%
CI = �0.53 to 1.01). The Rosenthal fail-safe number was higher than the reference [alkaloid
effectiveness for sap suckers: 648.1 > 5 * (26) + 10].

When the analysis was restricted to studies that tested the performance of chewing insects, the
observed effect of the endophyte was always negative on the herbivore regardless of the

Table 1. Alkaloid Effectiveness for Each Insect Species Used in the Studya

Insect species Feeding guild Ergot Indole diterpene Loline Peramine Refs

Rhopalosiphum padi Sap-sucking IA ND EA IA [60,68,77–79]

Schizaphis graminum Sap-sucking IA ND EA EA [61,79,80]

Diuraphis noxia Sap-sucking EA ND EA ND [81]

Balanococcus poae Sap-sucking EA ND ND EA [82]

Agrotis ipsilon Chewing EA ND EA EA [83,84]

Heteronychus arator Chewing EA IA IA IA [85]

Listronotus bonariensis Chewing ND EA EA EA [86–89]

Spodoptera frugiperda Chewing EA EA EA ND [90–92]

Wiseana cervinata Chewing ND EA ND ND [93]

aEA, effective alkaloid; IA, ineffective alkaloid; ND, not determined.
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alkaloid category (i.e., IA or EA) (Qb = 1.46, P = 0.23, df = 1) (Figure 2) (chewers/EA: effect
size = �1.10, 95% CI = �1.86 to �0.52; chewers/IA: effect size = �0.56, 95% CI = �1.03 to
�0.22). The Rosenthal fail-safe number was higher than the reference [alkaloid effectiveness for
chewers: 72.7 > 5 * (12) + 10].

Concluding Remarks and Future Perspectives
Our meta-analysis supports the idea that Epichloë fungal endophytes improve antiherbivore
defenses of their grass hosts via alkaloid-dependent and -independent mechanisms. Accord-
ing to our results, if the fungus produces IAs against a specific attacker, it will still have a
protective effect increasing plant resistance against chewing insects. We suggest that this
pattern of resistance, inferred from published ecological studies, could be explained by the
proposed effect of fungal endophytes on the plant immune system, which involves repression
of SA signaling and promotion of JA responses.

The molecular interaction between fungal effectors and the plant immune system would give
the host a versatile array of defensive mechanisms to cope with herbivory. Activation or priming
of the JA pathway would increase the plant’s defense against chewing insects independently of
the supply of fungal alkaloids. The relative importance of the JA pathway, in terms of resistance,
would be inversely proportional to the defense provided by alkaloids. If the endophyte produces
ineffective alkaloids against the attacker, the JA response would be essential for the host plant.
However, even if the endophyte produces EAs, their effectiveness may be constrained in
tissues where these metabolites are expressed in low concentrations (such as leaf blades and
roots) [12,60,61]. Thus, the enhanced JA defense pathway could be critical to protect plant
parts that are essential for resprouting and hence to tolerate herbivory. In addition, since
alkaloid production may be constrained in nitrogen-deficient soils [62], promotion of the plant’s
own defenses could become highly important under natural conditions, particularly for plants
growing in poor soils.
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Figure 2. Effect of Epichloë Fungal Endophytes on Herbivore Performance (Relative Effects of Endophyte-Symbiotic versus Non-symbiotic Plants).
The overall main effect is broken down into sap-sucking and chewing insects, which in turn are split into two groups depending on the nature of the alkaloids provided by
the endophyte [i.e., effective alkaloids (EAs) or ineffective alkaloids (IAs)]. The box on the left indicates the predictions from the model on insect performance: 0, neutral;
+, positive; �, negative. The box on the right indicates the proposed mechanism of defense. The analyses were performed using the experiments summarized in
Table S1 in the supplemental information online.
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The interaction with Epichloë fungal endophytes could also have negative consequences for
plant immunity and fitness. Thus, given that repression of the SA pathway could be essential to
maintain the symbiotic relationship, plants may become more susceptible to biotrophic
pathogens, as shown in previous studies [49–54]. Therefore, there may be ecological tradeoffs
associated with this symbiosis that could explain the variation in infection rates under field
conditions [63,64]. In addition, any biotic or abiotic factor that activates the SA pathway is likely
to have a negative effect on the endophyte and its antiherbivore function (Figure 1). For
example, activation of SA pathway by sap-sucking herbivores or biotrophic pathogens could
negatively affect the endophyte and the level of antiherbivore resistance conferred by the
symbiont. Similarly, exposure to oxidant agents such as ozone, a tropospheric pollutant that
reportedly enhances plant resistance to biotrophic pathogens and sap-sucking herbivores by
activating the SA signaling pathway [65], could have a negative impact on grass interactions
with fungal endophytes. In agreement with this hypothesis, it was recently shown that acute
exposure of Lolium multiflorum plants to ozone resulted in a reduction of the effectiveness of the
defensive mutualism provided by the endophyte Epichloë occultans [66].

Although the presented model is indirectly supported in both qualitative and quantitative terms
(Figure 2), our study also reveals important gaps in our understanding of the interactions
between plants and Epichloë fungal endophytes (see Outstanding Questions). More experi-
ments are needed to address specific questions related to the interplay between endophytes
and plant defense hormones [47,67]. For example, the use of JA and SA markers, plants
mutant for the JA and SA pathways, or endophytes mutant for alkaloids would be interesting
approaches to test the potential modulation by the fungus of the immune responses of the host
plant. Moreover, the use of more biotic or abiotic factors that regulate specific hormonal
pathways in the host will give us further ideas about the interaction between the host immune
system and the defenses provided by the fungal endophytes.

Our study represents a first attempt to understand the multiple effects of Epichloë fungal
endophytes on plant resistance to herbivory and highlights how little is known about grass–
endophyte symbiosis at the mechanistic level.
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