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Most terrestrial plants form symbiosis with a large variety of microorganisms that can be major deter-
minants of morphological and physiological host traits that, ultimately, affect the structure and function
of communities. Epichloae fungal endophytes (Clavicipitaceae) are widespread symbionts of grasses that
asymptomatically inhabit aerial host tissues, and confer defense to herbivores and tolerance to multiple
stresses. Research on symbionts of plants has focused on soil organisms such as nitrogen-fixing bacteria

f\(,ey worl:is;' dophvtes and mycorrhizal fungi, although recent studies suggest that endophytes of great agronomic interest can
Melfttzf li:mmm endophyte also generate major shifts in the belowground subsystem. We conducted a meta-analysis to examine
Soil biota the available knowledge on the effects of endophytes on the soil. Our objective was to provide a syn-
Soil processes thesis of existing data that, comprehensively and quantitatively, evaluates the different pathways by
AM fungi which the grass-endophyte symbiosis may affect belowground components and processes, and high-

lights gaps in knowledge relevant to agroecosystem management. The presence of endophyte was found
to reduce root biomass and mycorrhizal colonization of plants. In turn, a significant stimulation of root
exudates by endophytes was detected. Effects of endophytes on soil respiration and litter decomposition
were not significant. No pattern was found in the response of the soil fauna to endophyte presence. Our
review revealed that we still need to improve our understanding about the impact of endophytes on
other mutualistic symbionts. The grass—endophyte symbiosis is a promising interaction that, like those
involving nitrogen-fixing bacteria and mycorrhizal fungi, may become an important tool for sustainable
agriculture.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Virtually all terrestrial plants interact with a large variety of
microorganisms, forming symbioses that may range from mutu-
alism to parasitism (Brundrett, 2009; Douglas, 2010; Hartley and
Gange, 2009; Rodriguez et al.,, 2009). These symbionts can be
major determinants of host eco-physiology, ultimately affecting
the structure and function of communities (Clay and Holah, 1999;
Clay and Schardl, 2002; Douglas, 2010; Malinowski and Belesky,
2006; Omacini et al., 2001). Symbionts involving soil microorgan-
isms are the most studied, probably because they are critical to
many plants in low-nutrient environments (Douglas, 2010; Van
der Heijden and Sanders, 2002). In contrast, other plant microsym-
bionts, such as systemic leaf fungal endophytes (Clavicipitaceae,
Balansieae), have been scarcely considered. About 96% of the pub-
lished articles between 1961 and 2010 provided studies on the

* Corresponding author. Tel.: +54 11 4524 8000x8126; fax: +54 11 4514 8730.
E-mail address: omacini@agro.uba.ar (M. Omacini).

0929-1393/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aps0il.2011.10.012

associations of plants with nitrogen-fixing bacteria of the genus
Rhizobium or phosphorus-providing mycorrhizal fungi of the genus
Glomus, whereas less than 4% focused on the symbiosis between
grasses and endophytes (Fig. 1). These fungi (hereafter endophytes)
are widespread symbionts of cool-season grasses (Clay and Schardl,
2002; lannone et al., 2011). Moreover, recent studies suggest their
asymptomatic presence may generate shifts in multiple above- and
belowground ecosystem components over both short and long time
scales (Omacini et al., 2005; Rudgers and Clay, 2007; Saikkonen
et al., 2006).

Many grass species form symbioses with systemic fungal endo-
phytes of the genus Neotyphodium (formerly Acremonium sect.
Albolanosa Morgan-Jones, Glenn et al., 1996). According to phy-
logenetic studies, the different Neotyphodium species have arisen
independently from hybridization of sexual ancestors of genus
Epichloé (Clay and Schardl, 2002; lannone et al., 2009; Moon et al.,
2000). Hyphae of Neotyphodium grow systemically among cells in
sheathes of leaves, stems and reproductive host tissues without
causing any symptoms of disease (Rodriguez et al., 2009). Unlike
their pathogenic ancestors, Neotyphodium endophyte fungi are not
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Fig. 1. Mean annual articles published between 1960 and 2011, compiled by Scopus
database. Selected articles included at least one of the terms Rhizobium or Bradyrhi-
zobium, Glomus, and Neotyphodium, which represent the most important genera
of nitrogen fixing bacteria, mycorrhizae, and fungal endophytes respectively. The
search on Neotyphodium also included Epichloe and the former nomenclatures of
Neotyphodium coenophialum or N. lolii (Acremonium coenophialum or A. lolii).

capable of sexual reproduction and horizontal transmission, which
means that they reproduce asexually and vertically through host
grass seeds (Typell, or class  endophytes according to White, 1987,
and Rodriguez et al., 2009, respectively). Thus, the grass-endophyte
symbiosis appears to be essential for the fungus, while facultative
for host plants. Evolutionary theory predicts that this interaction
should result in a mutualism. While the host plant provides nutri-
tion and means of propagation and dispersion to the endophytic
fungus, the symbiont confers the plant with resistance to herbivory
(mediated by alkaloids) and tolerance to stress (Clay and Schardl,
2002; Malinowski and Belesky, 2000, 2006; Rodriguez et al., 2009;
White and Torres, 2009). Those features have triggered great agro-
nomic interest since this endophyte is often essential for pasture
persistence and productivity but is less desirable for animal pro-
duction.

The first publication that revealed endophytes in grasses dates
from 1904 (Freeman, 1904). However, the great agronomic inter-
est for the grass—endophyte symbioses started around the 1970s
when the toxicosis in cattle that grazed on tall fescue (Lolium
arundinaceum, formerly named Festuca arundinacea) and peren-
nial ryegrass (Lolium perenne) was associated with the presence
of asexual endophytes (Bacon and Hill, 1997). Then, after finding
that fungal alkaloids were responsible for host grass resistance to
herbivores, an increasing interest has arisen in the ecological role of
this defensive mutualism (Clay, 1988). Today, it is well known that
endophyte presence in many weeds, invaders and forage grasses
sometimes changes host biochemistry, physiology and morphol-
ogy, which modify the symbiosis relationship with the biotic and
abiotic environments (Clay and Schardl, 2002; Malinowski and
Belesky, 2000, 2006; Rasmussen et al., 2008). Although the rela-
tionship between grass—endophyte symbiosis and aboveground
components has been studied, a limited understanding of its rela-
tionship with the belowground subsystem still persists.

Understanding the impact of the interaction between grasses
and endophytic fungi on fundamental ecosystem processes has
become an important goal of ecological and agricultural research.
The aim of this article was to critically analyze the potential path-
ways by which these endophytic fungi modify the relationships
between host plants and soil biota. Based on a review and meta-
analyses including all published studies on the interaction between
cool season grasses and endophytes, this work proposes a gen-
eral ecological framework to improve our knowledge on relevant
soil processes mediated by endophytes. Gaps in knowledge about
the implications of this symbiosis for sustainable agroecosystem
management are also identified. Research on this constitutive and
promising symbiosis should be encouraged. The reason for this is

that the use of this strategic symbiosis may help to design envi-
ronmentally friendly systems, for instance, by reducing the use of
agrochemical inputs (Malinowski and Belesky, 2006; Tikhonovich
and Provorov, 2007).

2. Materials and methods

To analyze how the grass-endophyte symbiosis can affect the
structure and activity of belowground components of the ecosys-
tems, the Scopus database was used to find articles and reviews
that include the terms “soil”, “Epichloé” and “Neotyphodium” (or
its former nomenclature Acremonium lolii and A. coenophialum).
From the articles obtained, we considered those which satisfied
two criteria: (1) studies in which endophyte infection was experi-
mentally manipulated to achieve low and high infected populations
or infected and non-infected individuals from an originally single
population, and (2) studies in which statistical information (either
in graphical or numerical form) was provided. Thus, not included in
the meta-analysis were those articles that did not provide measures
of error, number of replicates, or control treatments for the com-
parisons. Data available in graphical form were digitalized using
GetData Graph Digitizer 2.24. Standard error values were converted
to standard deviation from the product of SE and the square root
of the number of replicates. We then, compiled a database with a
total of 133 measurements (data pairs) that were grouped in the
following categories: root biomass, arbuscular mycorrhizal fungi,
soil fauna, root exudates, microbial respiration and litter decom-
position (Table 1). It was not possible to analyze the response of
Rhizobium sp.

A meta-analysis was carried out using Metawin 2.0 (Rosenberg
et al., 2000). Effect sizes were measured using Hedges’d instead
of response ratio because it is not biased by small sample sizes
(Rosenberg et al., 2000). Hedges’d was calculated as,

S

where X€ and X< are control and experimental means, S is the
pooled standard deviation and J is a correction factor accounting
for small sample size (Rosenberg et al., 2000). Cumulative effect
size, confidence intervals, and total heterogeneity (Q;) (Hedges and
Olkin, 1985) were calculated for each group of studies. Cumulative
size effect was considered significant if the 95% confidence intervals
did not overlap zero (Rosenberg et al., 2000). If the effect size was
found to be significantly different from zero, the fail-save number
(ngs) was calculated as described in Rosenberg (2005). This number
provides an estimation of publication bias because it estimates the
number of null effect studies needed to turn results not significant.
An ng greater than 5n+10, where “n” represents the number of
studies included in the analysis, is a strong indicator of the absence
of a bias effect. For each category, we analyzed its total hetero-
geneity (Q). If a given categorical group displayed a significant Qx,
we performed a further subdivision of the data, whenever possi-
ble. Those categories including results obtained from a single study
were not considered in the meta-analysis.

3. Results

From a total of 246 articles obtained, only 27 articles satisfied
the criteria for meta-analysis. All the papers have been published
during the last 20 years (Table 1). From a total of 133 data pairs
obtained, 90 corresponded to L. arundinaceum and 16 to L. perenne
grass species, and their endophyte-specific symbionts (Table 1). A
statistically significant influence of the grass-endophyte symbiosis
was found on three of the six analyzed variables (Fig. 2, Table 2).
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Table 1

275

Published articles on the grass-endophyte symbiosis that evaluate any aspect of the belowground ecosystem. Data column indicates the number of data pairs (endophyte
infected plants and endophyte-free plants) used from each study for the meta-analysis; the cross indicates that the data set is discussed but not included in the meta-analysis.
Host grasses: Ah: Agrostis hyemalis, Bs: Bromus setifolius, La*: Lolium arizonica, La: L. arundinaceum, Fp: Lolium pratensis, Lm: Lolium multiflorum, Lp: L. perenne, Lsp: Lolium sp,
Pa: Poa alsodes, Pb: P. bonariensis. Endophyte: Ea: Epichloé amarillans, Nc: Neotyphodium coenophialum, N1: Neotyphodium lolii, No: Neotyphodium occultans, Nsp: Neotyphodium

sp., Neotyphodium uncinatum.

Belowground component/process Reference

o
o
-
o

Grass/endophyte species

Root biomass van Hecke et al. (2005)
Casas et al. (2010)

De Battista et al. (1990)
Mack and Rudgers (2008)
Novas et al. (2005)

Omacini et al. (2006)

Kannadan and Rudgers (2008)

Lehtonen et al. (2005)
Ren et al. (2009)

Eerens et al. (1998a)
Faeth et al. (2004)
Matthews and Clay (2001)
Davitt et al. (2011)
Rudgers and Orr (2009)
Guo et al. (1992)
Chu-Chou et al. (1992)
Mack and Rudgers (2008)
Miiller (2003)

Novas et al. (2005)
Novas et al. (2009)
Omacini et al. (2006)
Popay and Jensen (2005)
Antunes et al. (2008)
Eerens et al. (1998b)
Lemons et al. (2005)
Popay and Jensen (2005)
Pennell et al. (2005)
Popay and Gerard (2007)
Chu-Chou et al. (1992)
Eerens et al. (1998a)
Humpbhries et al. (2001)
Kimmons et al. (1990)
West et al. (1988)

Cook et al. (1991)

Elmi et al. (2000)
Malinowski et al. (1998)
Malinowski et al. (2004)
van Hecke et al. (2005)
Vila Aiub et al. (2003)

Micorrhiza

Rhizobium
Soil Fauna

Exudates

Franzluebbers and Stuedemann (2005)

Belesky and Fedders (1995)
Malinowski et al. (1998)
Franzluebbers et al. (1999)

Franzluebbers and Hill (2005)

Franzluebbers (2006)
Lemons et al. (2005)
Omacini et al. (2004)
Siegrist et al. (2010)

van Hecke et al. (2005)
Casas et al. (2010)
Franzluebbers et al. (1999)

Decomposition

Respiration

Franzluebbers and Stuedemann (2005)

La/Nc
Lm/No
La/Nc
La/Nc
Bs/Nsp
Lm/No
Pa/nsp
Lp/Nsp
Lp/NI
Lp/NI
La*/Nsp
La/Nc
Ah/Ea
La/Nc
La/Nc
La/Nc
La/Nc
Lp/NI1
Bs/Nsp
Pb/Nsp
Lm/No
La/Nsp
La/Nc
Lp/NI1
La/Nc
La/Nsp
Lsp/NI
La/Nsp
La/Nc
Lp/NI
La/Nc
La/Nc
La/Nc
Lp/NI1
La/Nc
La/Nc
La/Nc
La/Nc
Lm/No
La/Nc
La/Nc
La/Nc
La/Nc
La/Nc
La/Nc
La/Nc
Lm/No
La/Nc
La/Nc
Lm/No
La/Nc
La/Nc

w
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Root biomass and mycorrhizal colonization of endophyte
infected plants were 9% and 31% lower than their non-infected
counterparts (Fig. 2). Non publication bias was detected for these
latter variables (Fig. 2, Table 2). In both cases, variation among effect
sizes of studies (Q;) was greater than expected by sampling error,
suggesting that the data set may be structured and explanatory
variables should be investigated (Table 2). We searched for fur-
ther subdivision of data, including host species as category, but the
number of cases was too low.

No significant response of soil fauna to the endophyte presence
was found. This variable encompassed a wide variety of organisms
from different taxonomic groups, trophic levels and body sizes,
and exhibited a significant heterogeneity (Table 2). Further sub-
division in microfauna (organisms with less than 200 wm such as
nematodes) and mesofauna (organisms with 200-10,000 p.m such

as collembola and oribatid mites)+ macrofauna (the larger animals
such as earthworms, myriapods) (Coleman et al., 2004) reduced
the group heterogeneity of microfauna, although it did not reveal
endophyte effects either.

Results showed a slight but significant stimulating effect of the
symbiosis on root exudates (+9%) and a positive, although not
statistically significant, effect on soil microbial respiration (+36%)
(Fig. 2, Table 2). Finally, a non significant reduction (—7%) in aerial
litter decomposition produced by endophyte-infected plants was
found with respect to non-infected plants (Fig. 2, Table 2).

4. Discussion

This study reveals that over the past 20 years there has been
significant progress in the understanding of the impact of the
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Fig. 2. Cumulative effect size of grass-endophyte symbiosis on six compo-
nents/processes of the belowground ecosystem. Circles indicate mean values and
bars denote the 95% confidence interval. Numbers in parentheses indicate the num-
ber of replicates for each variable.

grass—endophyte symbiosis on the components and processes of
the belowground part of the ecosystem. Over the last 10 years,
the volume of information generated matches that published in
the 1960s for Rhizobium. Even though the progress achieved has
allowed us to describe some patterns and identify controversial
issues that still need research (Fig. 3). Our review indicates that
there are significant changes in root biomass, root exudates, and
mycorrhizal colonization of infected plants compared to the non-
infected counterparts, suggesting that these aerial endophytes can
alter the host plant rhizosphere by multiple pathways. We did
not find a pattern in the response of the soil fauna to endophyte

[m———————————— >

r—-— - - - > (plant diversity reduction, host dominance ,
_> supression of legumes, slow rate of succession,
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Table 2

Summary of the analyses performed on the effects of the grass—endophyte symbiosis
on different belowground components or processes (see Fig. 2). Q; indicates the
between group heterogeneity and ng is the fail-save number (see methods).

Categorical variable N Q: Ngr
Root biomass 14 202.6° 162
AM fungi 36 117.6" 572
Soil fauna 26 43.6

Macro/meso 15 29.9°

Micro 11 13.7
Root exudates 3 50.8" 6.1
Microbial respiration 3 23
Litter decomposition 11 8.9
" p<0.05.

presence and neither did we detect significant changes in the rate
of relevant processes such as soil microbial respiration and litter
decomposition. Moreover, we were not able to evaluate other soil
processes and components (e.g. nutrient mineralization, nitrogen
fixation, contribution of bacteria and fungi to soil activity) due
to the virtual absence of empirical data. Many questions remain
unanswered largely because soil is often considered a black box in
ecological experimentation and several linkages between above-
and belowground subsystems are still omitted.

The lower root biomass of endophyte infected plants with
respect to their non-infected counterparts was clearly an unex-
pected result, that seems to contradict the greater drought
tolerance of infected grasses (Cheplick and Faeth, 2009; Malinowski
and Belesky, 2000, 2006). We believe that longer hairs and fine
roots of endophyte infected grasses might counteract the lower
biomass, thus the tolerance could be explained by a different
root architecture rather than biomass (Cheplick and Faeth, 2009;
Malinowski and Belesky, 2000, 2006). In addition, there are other
traits associated with endophyte infection (i.e., decreased stoma-
tal conductance and osmotic adjustment) that may contribute to
counteract and even overcome the lower root biomass (Malinowski
and Belesky, 2000). Far from being clarified, this issue needs more
research. The significant change in the compounds secreted into

Aboveground community

< — -

trophic food-webs) |

|
A |

Y

Host grass
\V g

(trade-off between growth
and defense, nutrient
uptake rate, dependency
/1\ on mycorrhizae, novel root
exudates)

Endophyte <

Local biotic interactions

< _> (enemy release, disruption or
promotion of other mutualistic

associations, litter-mediated

effects on seedling success)

Ecosystem function

< _ _>’ (litter decomposition, nutrient

primary and secondary
productivity)

|
|
|
| mineralization, nitrogen-fixation,
|
|
|
|

| Vi

Soil components/processes

A
|
|
|
|

Fig. 3. Synthesis of the potential impacts of fungal endophytes on ecosystem function through the soil. Although endophytes do not cause visible symptoms, studies have
recently shown that their presence may generate shifts in multiple above-and belowground ecosystem components over short and long time scales. Arrows in both directions
indicate that the aboveground and belowground consequences involve feedbacks that may alter plant fitness and endophyte transmission efficiency within the population.
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the soil by host plant, broadly referred to as root exudates, can
be another advantage of this symbiosis (Fig. 3). For instance, it
was observed that infected plants of L. arundinaceum show an
increased ability to reduce Fe3* and to bind copper in the rhizo-
sphere (Malinowski et al., 1998, 2004), and that root exudates of
infected plants stimulate soil microbial respiration (van Hecke etal.,
2005). Recently, Casas et al. (2010) found that the presence of N.
occultans in the annual grass L. multiflorum affected the catabolic
diversity of the soil microbial community (i.e., increased the soil
metabolic capacity with almost all the compounds added as sub-
strates). Additionally, an increment in the relative contribution of
fungi to soil activity was detected, which in turn can influence
nutrient cycling and ecosystem processes (Casas et al., 2010).

The negative effect of the grass—endophyte symbiosis on AM
fungi colonization is clearly observed in our analysis, support-
ing the view that the fungi would interact antagonistically (Guo
et al,, 1992; Omacini et al., 2006; Mack and Rudgers, 2008; Miiller,
2003). The mechanisms underlying the endophyte effect on the
mycorrhizal colonization are still unknown. Nonetheless there is
evidence that secondary compounds from root tissues or exudates
(e.g. flavonoids) act as chemical attractants or repellants in the rhi-
zosphere (Malinowski et al., 2004; Ponce et al., 2009; Steinkellner
et al, 2007). In a field survey conducted with the Argentine native
grasses Poa bonariensis, a positive correlation between mycor-
rhizal colonization and endophyte infection levels was observed
(Novas et al., 2009). This apparently opposite result deserves fur-
ther research considering that the controls of multiple symbiotic
interactions may be much more complex under natural settings and
that the surveyed populations may diverge in features other than
the endophyte infection level. A variety of plant responses to simul-
taneous infection by asexual endophytes and AM fungi has been
detected (Larimer et al., 2010). Moreover, there is evidence that
both fungi mediate complex interactions with cascades of effects
on other trophic levels. For example, the endophyte can reduce
the growth of lepidopteran larvae in the absence of AM fungi, but
not when both symbionts are co-infecting the same host (Vicari
et al., 2002). Furthermore, results from manipulative experiments
demonstrated that the grass—endophyte symbiosis can increase the
mycorrhizal colonization of co-occurring endophyte-free plants
(Fig. 3, Omacini et al., 2006). Therefore, ignoring the endophyte
as a component of the ecosystem may lead to misinterpretations,
since it may modify the functioning of AM fungi and thus their
consequences in the structure and functioning of communities.

Studies that evaluate different aspects of the interaction
between soil fauna and grasses with contrasting levels of endo-
phyte infection have demonstrated that there is a great variability
in the responses. Hence, future analyses should take into account
the traits or the processes of the studied organisms to find a pat-
tern. The same conclusion has been drawn from previous authors
reviewing the relationship between Neotyphodium endophytes and
nematodes mainly considered pests (Cook and Lewis, 2001; Popay
and Bonos, 2005). In spite of the existence of several studies
showing negative endophyte effects on parasitic or phytophagous
nematodes (e.g. Chu-Chou et al., 1992; Pedersen et al., 1988), the
number of published studies to analyze those groups separately
is not enough for a meta-analysis. The published literature did
not allow us to establish a clear picture in the response to plant
cultivar, endophyte strains, and invertebrate feeding habits. Our
analysis of endophyte-mediated effects on microfauna considered
the responses of nematodes from different trophic levels and life
history traits. As far as could be observed, endophyte effects on
plant tolerance to diseases caused by fungi, bacteria and nematodes
have not been assessed as thoroughly as the same effects on insects.
Analyses of endophyte impact on invertebrates from the meso and
macrofauna show that their responses also vary widely and suggest
that there are also relatively few studies to assess the response of

different functional groups such as herbivores, carnivores or detriti-
vores. Finally, itis commonly suggested that endophytes contribute
to the invasion success of exotic grasses through enemy release and
that the chemical compounds produced by endophytes are respon-
sible for these effects (Fig. 3, Cheplick and Faeth, 2009; Rudgers
and Clay, 2007). Future experimental research will illuminate the
nature of these speculative mechanisms and effects attributed to
the endophyte.

Our analysis revealed that the grass-endophyte symbiosis
had a slight inhibiting effect on litter decomposition. Endophyte
infected plants unpalatable to many herbivores can be a substrate
which decomposes more slowly than the litter of non-infected
plants (Lemons et al., 2005; Omacini et al., 2004; Siegrist et al.,
2010). Moreover, it has been already demonstrated that endophyte
presence in the previous generation of plants can alter the soil
microenvironmental conditions and, consequently, the decompo-
sition of other substrates by changing the quantity and quality of
the litter on the soil surface or belowground (Omacini et al., 2004).
The use of systematic review and meta-analytic methods to sum-
marize research is limited by the scarcity of data. However, the
observed effects of endophyte on the host litter quality for detriti-
vores by different authors cannot be ignored. The same applies to
the impacts of endophyte on litter persistence which can alter the
availability of nutrients for the co-occurring species (Franzluebbers
et al.,, 1999) together with biotic and abiotic conditions for germi-
nation and establishment of the subsequent plant cohort (Antunes
et al., 2008; Omacini et al., 2009).

5. Synthesis and applications

Our analyses support the growing appreciation that plants
mediate the interactions between above- and belowground com-
munities, and that their symbionts can be driving forces for the
diversity and function of the whole ecosystem (Bever, 1994; van
der Putten et al., 2009; Wardle, 2002; Wardle et al., 2004). We
have identified multiple endophyte impacts on the soil, although
we still need to understand the interaction with other common
plant symbionts (e.g. mycorrhizal fungi, nitrogen-fixing bacteria),
pathogens and herbivores. It is remarkable that endophytes have
so far been neglected in the research, particularly in pastoral sys-
tems where dependence on soil symbionts grasses and legumes is
promoted. The ecological linkages between microbial symbionts of
neighboring plants promise a myriad of responses that will enhance
our understanding of the regulation and functional significance of
biodiversity and of the impacts of human-induced global change
phenomena.

The review showed that the literature is strongly taxonomically
biased toward certain host species (i.e., tall fescue and peren-
nial ryegrass) and that many others, especially native and annual
species are little studied. Other authors have already discussed
the implications of this historical development of grass-endophyte
symbiosis research (Rudgers and Clay, 2007; Saikkonen et al.,2006).
Increased experimentation with other species under different
ecological contexts will enhance understanding of the mecha-
nisms involved in endophyte effects on above- and belowground
processes and on other microsymbionts in the community. The
grass—endophyte symbiosis still lacks a clear and strong identity
among ecologists working on symbiosis or mutualism in general
(e.g. Douglas, 2010; Kiers et al., 2010), or on plant-mediated inter-
actions in particular (e.g. Heil, 2011; Johnson, 2011).

The increased use of agrochemicals in agronomical practices
and the environmental impact of production on human health
have encouraged scientists to find more sustainable alterna-
tives in the management of agroecosystems (Malinowski and
Belesky, 2006; Tikhonovich and Provorov, 2007). Thus, for example,
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knowledge has been generated that allowed the development of
tools for biological pest control, symbiotic fixation of nutrients,
microbial growth promoters and others. In this sense, being able
to increase the natural benefits of Neotyphodium endophytes’ pres-
ence appears to be a challenging alternative. Great efforts are
underway to find genotypes, or modify the existing ones, in order
to optimize endophyte use and plant productivity (Easton, 2007).
Similarly, the existence of natural variability in the profile of alka-
loids produced by endophyte according to the strain, the host grass
genotype or the environment, has led to the inclusion of this sym-
biont in plants to improve turf and ornamental grasses (Easton,
2007) or for phytoremediation of metal-polluted soils (Ren et al.,
2011). It is necessary to expand our knowledge about the factors
that control desirable and undesirable effects of endophyte on the
ecosystem as well as symbiosis persistence.

Acknowledgements

We are grateful to our lab group. Most ideas presented here were
developed through our constant interaction with Professor Clau-
dio M. Ghersa and doctoral students Cecilia Casas and Pablo Garcia
Parisi. We greatly appreciate the invitation of Ines Garcia Salamone
to present this work. Useful comments of two anonymous review-
ers helped to improve previous versions of this manuscript. This
work was funded by the University of Buenos Aires (UBA), the
National Research Council (CONICET) and the National Scientific
and Technological Promotion (FONCYT).

References

Antunes, P., Miller, J., Carvalho, L., Klironomos, J.N., Newman, J., 2008. Even after
death the endophytic fungus of Schedonorus phoenix reduces the arbuscular
mycorrhizas of other plants. Funct. Ecol. 22, 912-918.

Bacon, C.W., Hill, N.S., 1997. Neotyphodium/Grass Interactions. Plenum, NY.

Belesky, D.P., Fedders,].M., 1995. Tall fescue development in response to Acremonium
coenophialum and soil acidity. Crop Sci. 35, 529-533.

Bever, ].D., 1994. Feedback between plants and their soil communities in an old field
community. Ecology 75, 1965-1977.

Brundrett, M.C., 2009. Mycorrhizal associations and other means of nutrition of
vascular plants: understanding the global diversity of host plants by resolving
conflicting information and developing reliable means of diagnosis. Plant Soil
320, 37-77.

Casas, C., Omacini, M., Montecchia, M., Correa, O., 2010. Soil microbial community
responses to the fungal endophyte Neotyphodum in Italian ryegrass. Plant Soil
340, 347-355.

Cheplick, G.P., Faeth, S., 2009. Ecology and Evolution of the Grass-Endophyte Sym-
biosis. Oxford University Press.

Chu-Chou, M,, Guo, B., An, Z.Q., Hendrix, ].W.,, Ferriss, R., Siegel, D.I,, Dougherty, C.,
Burrus, P., 1992. Suppression of mycorrhizal fungi in fescue by the Acremonium
coenophialum endophyte. Soil Biol. Biochem. 24, 633-637.

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

Clay, K., Holah, J., 1999. Fungal endophyte symbiosis and plant diversity in succes-
sional fields. Science 285, 1742-1744.

Clay, K., Schardl, C.L., 2002. Evolutionary origins and ecological consequences of
endophyte symbiosis with grasses. Am. Midl. Nat. 160, 99-127.

Coleman, D.C., Crossley, D.A., Hendrix, P.F., 2004. Fundamentals of Soil Ecology, 2nd
ed. Elsevier Academic Press, San Diego.

Cook, R., Lewis, G.C., 2001. Fungal endophytes and nematodes of agricultural
and amenity grasses. In: Jeger, M.J., Spence, N.J. (Eds.), Biotic Interactions in
Plant-Pathogen Associations. CABI Publishing, Wallingford, pp. 35-61.

Cook, R, Lewis, G.C., Mizen, K.A., 1991. Effects on plant-parasitic nematodes of
infection of perennial ryegrass, Lolium perenne, by the endophytic fungus, Acre-
monium lolii. Crop Prot. 10, 403-407.

Davitt, AJ., Chen, C., Rudgers, J.A., 2011. Understanding context-dependency in
plant-microbe symbiosis: the influence of abiotic and biotic contexts on host
fitness and the rate of symbiont transmission. Environ. Exp. Bot. 71, 137-145.

De Battista, J.P., Bouton, ].H., Bacon, C.W,, Siegel, M.C., 1990. Rhizome and herbage
production of endophyte-removed tall fescue clones and populations. Agron. J.
82, 651-654.

Douglas, A., 2010. The Symbiotic Habit. Princeton University Press, Princeton, NJ.

Easton, H., 2007. Grasses and Neotyphodium endophytes: co-adaptation and adap-
tative breeding. Euphytica 154, 295-306.

Eerens, ].P.J., Lucas, R)J., Easton, H.S., White, ].G.H., 1998b. Influence of the ryegrass
endophyte (Neotyphodium lolii) in a cool-moist environment. III. Interaction with
white clover. N. Z. J. Agric. Res. 41, 201-207.

Eerens, J.P.]., Visker, M.H.P.W., Lucas, R]J., Easton, H.S., White, ].G.H., 1998a. Influence
of the ryegrass endophyte (Neotyphodium lolii) in a cool moist environment. IV.
Plant parasitic nematodes. N. Z. . Agric. Res. 41, 209-217.

Elmi, A.A., West, C.P., Robbins, R.T., Kirkpatrick, T.L., 2000. Endophyte effects on
reproduction of a root-knot nematode (Meloidogyne marylandi) and osmotic
adjustment in tall fescue. Grass Forage Sci. 55, 166-172.

Faeth, S.H., Helander, M.L,, Saikkonen, K.T., 2004. Asexual Neotyphodium endophytes
in a native grass reduce competitive abilities. Ecol. Lett. 7, 304-313.

Franzluebbers, A.J.,2006. Short-term responses of soil C and N fractions to tall fescue
endophyte infection. Plant Soil 282, 153-164.

Franzluebbers, AJ., Hill, N.S., 2005. Soil carbon, nitrogen, and ergot alkaloids with
short- and long-term exposure to endophyte-infected and endophyte-free tall
fescue. Soil Sci. Soc. Am. ]. 69, 404-412.

Franzluebbers, AJ., Nazih, N., Stuedemann, J.A., Fuhrmann, ]J.J., Shomberg, H.H.,
Hartel, P.G., 1999. Soil carbon and nitrogen pools under low- and high-
endophyte-infected tall fescue. Soil Sci. Soc. Am. J. 63, 1687-1694.

Franzluebbers, AJ., Stuedemann, J.A., 2005. Soil carbon and nitrogen pools in
response to tall fescue endophyte infection, fertilization, and cultivar. Soil Sci.
Soc. Am. ]. 69, 396-403.

Freeman, E.M., 1904. The seed fungus of Lolium temulentum L., the darnel. Philos.
Trans. Royal Soc. Lond. Ser. B 196, 1-27.

Glenn, A., Bacon, C,, Price, R., Hanlin, R., 1996. Molecular phylogeny of Acremonium
and its taxonomic implications. Mycologia 88, 369-383.

Guo, B., Hendrix, J., An, Z., Ferriss, R., 1992. Role of Acremonium endophyte of Fescue
on inhibition of colonization and reproduction of mycorrhizal fungi. Mycologia
84, 882-885.

Hartley, S., Gange, A.C., 2009. Impacts of plant symbiotic fungi on insect herbivores:
mutualism in a multitrophic context. Annu. Rev. Entomol. 54, 323-342.

Hedges, L.V., Olkin, L., 1985. Statistical Methods for Meta-Analysis. Academic Press,
Orlando, FL.

Heil, M., 2011. Plant-mediated interactions between above- and below-ground com-
munities at mutliple trophic levels. J. Ecol. 99, 2-6.

Humphries, S.S., Gwinn, K.D., Stewart, A.J., 2001. Effects of endophyte status of tall
fescue tissues on the earthworm (Eisenia fetida). Environ. Toxicol. Chem. 20,
1346-1350.

lannone, LJ., Cabral, D., Schardl, C.L., Rossi, M.S., 2009. Phylogenetic divergence,
morphological and physiological differences distinguish a new Neotyphodium
endophyte species in the grass Bromus auleticus from South America. Mycologia
101, 340-351.

lannone, L., White Jr., ]., Giussani, L., Cabral, D., Novas, M.V., 2011. Diversity and
distribution of Neotyphodium-infected grasses in Argentina. Mycol. Progr. 10,
9-19.

Johnson, M.TJ., 2011. Evolutionary ecology of plant defences against herbivores.
Funct. Ecol. 25, 305-311.

Kannadan, S., Rudgers, ].A., 2008. Endophyte symbiosis benefits a rare grass under
low water availability. Funct. Ecol. 22, 706-713.

Kiers, T., Palmer, T.M., Ives, AR, Bruno, ]J.F., Bronstein, J.L., 2010. Mutualisms in a
changing world: an evolutionary perspective. Ecol. Lett. 13, 1459-1474.

Kimmons, CA. Gwinn, K.D. Bernard, E.C, 1990. Nematode reproduction
on endophyte-infected and endophyte-free tall fescue. Plant Dis. 74,
757-761.

Larimer, A.L, Bever, ].D., Clay, K., 2010. The interactive effect of plant microbial
symbionts: a review and meta-anlysis. Symbiosis 51, 139-148.

Lehtonen, P., Helander, M., Saikkonen, K., 2005. Are endophyte-mediated effects on
herbivores conditional on soil nutrients? Oecologia 142, 38-45.

Lemons, A., Clay, K., Rudgers, J.A., 2005. Connecting plant-microbial interactions
above and belowground: a fungal endophyte affects decomposition. Oecologia
145, 595-604.

Mack, K., Rudgers, J., 2008. Balancing multiple mutualists: asymmetric interactions
among plants, arbuscular mycorrhizal fungi and fungal endophytes. Oikos 117,
310-320.

Malinowski, D.P., Zuo, H., Belesky, D.P., Alloush, G.A., 2004. Evidence for copper
binding by extracellular root exudates of tall fescue but not perennial ryegrass
infected with Neotyphodium spp. endophytes. Plant Soil 267, 1-12.

Malinowski, D.A., Alloush, G.A., Belesky, D.P., 1998. Evidence for chemical changes on
the root surface of tall fescue in response to infection with the fungal endophyte
Neotyphodium coenophialum. Plant Soil 205, 1-12.

Malinowski, D.P., Belesky, D.P., 2000. Adaptations of endophyte-infected cool-
season grasses to environmental stresses: mechanisms of drought and mineral
stress tolerance. Crop Sci. 40, 923-940.

Malinowski, D.P., Belesky, D.P., 2006. Ecological importance of Neotyphodium spp.
grass endophytes in agroecosystems. Grassland Sci. 52, 1-14.

Matthews, ].W., Clay, K., 2001. Influence of fungal endophyte infection on plant/soil
feedback and community interactions. Ecology 82, 500-509.

Moon, C.D., Scott, B., Schardl, C.L., Christensen, M.J., 2000. Evolutionary origins of
Epichloé endophytes from annual ryegrasses. Mycologia 92, 1103-1118.

Miiller, J., 2003. Artificial infection by endophytes affects growth and mycorrhizal
colonization of Lolium perenne. Funct. Plant Biol. 30, 419-424.

Novas, M.V., Cabral, D., Godeas, A.M., 2005. Interaction between grass endophytes
and mycorrhizas in Bromus setifolius from Patagonia, Argentina. Symbiosis 40,
23-30.

Novas, M.V, lannone, L., Godeas, A., Cabral, D., 2009. Positive association between
mycorrhiza and foliar endophytes in Poa bonariensis, a native grass. Mycol. Progr.
8,75-81.

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



M. Omacini et al. / Applied Soil Ecology 61 (2012) 273-279 279

Omacini, M., Chaneton, E., Bush, L., Ghersa, C.M., 2009. A fungal endosymbiont affects
host plant retruitment through seed- and litter-mediated mechanisms. Funct.
Ecol. 23, 1148-1156.

Omacini, M., Chaneton, E., Ghersa, C.M., Otero, P., 2004. Do foliar endophytes affect
grass litter decomposition? A microcosm approach using Lolium multiflorum.
Oikos 104, 581-590.

Omacini, M., Chaneton, EJ., Ghersa, C.M., 2005. A framework for understanding the
ecosystem consequences of endophyte grass symbioses. In: Roberts, C., West,
C.P., Spiers, D. (Eds.), Neotyphodium in Cool-season Grasses Current Research &
Applications. Blackwell Publishing, pp. 141-161.

Omacini, M., Eggers, T., Bonkowsky, M., Gange, A., Jones, T.H., 2006. Leaf endophytes
affect mycorrhizal status and growth of co-infected and neighbouring plants.
Funct. Ecol. 20, 226-232.

Pedersen, J., Rodriguez-kabana, R., Shelby, R., 1988. Ryegrass cultivars and endo-
phyte in tall fescue affect nematodes in grass and succeeding soybean. Agron. J.
80, 811-814.

Pennell, C.G.L., Popay, A]., Ball, O.J.P., Hume, D.E., Baird, D.B., 2005. Occurrence and
impact of pasture mealybug (Balanococcus poae) and root aphid (Aploneura
lentisci) on ryegrass (Lolium spp.) with and without infection by Neotyphodium
fungal endophytes. N. Z. . Agric. Res. 48, 329-337.

Ponce, M.A., Bompadre, M., Scervino, J.M., Ocampo, J.A., Chaneton, E.J., Godeas,
A.M., 2009. Flavonoids, benzoic acids and cinnamic acids isolated from shoots
and roots of Italian rye grass (Lolium multiflorum Lam.) with and without endo-
phyte association and arbuscular mycorrhizal fungus. Biochem. Syst. Ecol. 37,
245-253.

Popay, A., Gerard, P.J., 2007. Cultivar and endophyte effects on a root aphid.
Aploneura lentisci, in perennial ryegrass. N. Z. Plant Prot. 60, 223-227.

Popay, A.L, Bonos, S.A., 2005. Biotic responses in endophytic grasses. In: Roberts,
C., West, C.P.,, Spiers, D. (Eds.), Neotyphodium in Cool-season Grasses Current
Research & Applications. Blackwell Publishing, pp. 163-185.

Popay, AlJ., Jensen, ].G., 2005. Soil biota associated with endophyte-infected tall
fescue in the field. N. Z. Plant Prot. 58, 117-121.

Rasmussen, S., Parsons, A., Poppy, A, Xue, H., Newman, ], 2008.
Plant-endophyte-herbivore interactions: more than just alkaloids? Plant
Signal. Behav. 3, 974-977.

Ren, A.Z, Gao, Y.B., Wang, W., Wang, ].L., Zhao, N.X., 2009. Influence of nitrogen
fertilizer and endophyte infection on ecophysiological parameters and mineral
element content of perennial ryegrass. ]. Integr. Plant Biol. 51, 75-83.

Ren, A, Li, C,, Gao, Y., 2011. Endophytic fungus improves growth and metal uptake
of Lolium arundinaceum Darbyshire Ex. Schreb. Int. ]. Phytorem. 13, 233-243.

Rodriguez, R., White, J., Arnold, A., Redman, R., 2009. Fungal endophytes: diversity
and functional roles. New Phytol. 182, 314-330.

Rosenberg, M.S., 2005. The file-drawer problem revisited: a general weighted
method for calculating fail-safe numbers in meta-analysis. Evolution 59,
464-468.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin: Statistical Software for
Meta-Analysis, Version 2.0. Sinauer Associates, Sunderland.

Rudgers, J., Clay, K., 2007. Endophyte symbiosis with tall fescue: how strong are the
impacts on communities and ecosystems? Fungal Biol. Rev. 21, 107-124.

Rudgers, J., Orr, S., 2009. Non-native grass alters growth of native tree species via
leaf and soil microbes. . Ecol. 97, 247-255.

Saikkonen, K., Lehtonen, P., Helander, M., Koricheva, J., Faeth, S., 2006. Model sys-
tems in ecology: dissecting the endophyte-grass literature. Trends Plant Sci. 11,
428-433.

Siegrist, J., McCulley, R, Bush, L., Phillips, T., 2010. Alkaloids may not be responsible
for endophyte-associated reductions in tall fescue decomposition rates. Funct.
Ecol. 24, 460-468.

Steinkellner, S., Lendzemo, V., Langer, I, Schweiger, P., Khaosaad, T., Toussaint,
J.P., Vierheilig, H.M., 2007. Flavonoids and strigolactones in root exudates as
signals in symbiotic and pathogenic plant-fungus interactions. Molecules 12,
1290-1306.

Tikhonovich, I, Provorov, N., 2007. Cooperation of plants and microorganisms:
getting closer to the genetic construction of sustainable agro-systems. Biotech-
nology 2, 833-848.

Van der Heijden, M.G.A., Sanders, I.R., 2002. Mycorrhizal Ecology: synthesis and per-
spectives. In: Van der Heijden, M.G.A., Sanders, L.R. (Eds.), Mycorrhizal Ecology.
Springer-Verlag, Berlin, Heidelberg, pp. 441-456.

van der Putten, W.H., Bardgett, R.D., De Ruiter, P.C., Hol, W., Meyer, K., Bezemer, T.,
Bradford, M., Christensen, S., Eppinga, M., Fukami, T., Hemerik, L., Molofsky, ].,
Schadler, M., Scherber, C., Strauss, S.Y., Vos, M., Wardle, D.A., 2009. Empirical
and theorical challenges in aboveground-belowground ecology. Oecologia 161,
1-14.

van Hecke, M., Treonis, A., Kaufman, J., 2005. How does the fungal endophyte Neo-
typhodium coenophialum affect tall fescue (Lolium arundinacea) rhizodeposition
and soil microorganisms? Plant Soil 275, 101-109.

Vicari, M., Hatcher, P. Ayres, A. 2002. Combined efect of foliar
and mycorrhizal endophytes on an insect herbivore. Ecology 83,
2452-2464.

Vila Aiub, M.M., Ghersa, C.M., Carceller, M., 2003. Effect of herbicide diclofop-
methyl on proton extrusion from Lolium multiflorum seedlings differing in
resistance and in fungal endophyte (Neotyphodium sp.) infection. Phys. Planta.
119, 429-439.

Wardle, D., 2002. Communities and Ecosystems: Linking the Aboveground and
Belowground Components. Princeton University press.

Wardle, D., Bardgett, R., Klironomos, J., Setala, H., Van der Putten, W.H., Wall, D., 2004.
Ecological linkages between aboveground and belowground biota. Science 304,
1629-1633.

West, C.P., Izekor, E., Oosterhuis, D.M., Robbins, R.T., 1988. The effect of Acremonium
coenophialum on the growth and nematode infestation of tall fescue. Plant Soil
112, 3-6.

White, J.F., 1987. Widespread distribution of endophytes in the Poaceae. Plant Dis.
71, 340-342.

White, J.F., Torres, M., 2009. Defensive Mutualism in Microbial Symbiosis. CRC
Press/Taylor and Francis Group, Boca Raton.



	Grass–endophyte symbiosis: A neglected aboveground interaction with multiple belowground consequences
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	5 Synthesis and applications
	Acknowledgements
	References


