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Abstract. All plants studied in natural ecosystems are symbiotic with fungi that either reside entirely
(endophytes) or partially (mycorrhizae) within plants. These symbioses appear to adapt to biotic and
abiotic stresses and may be responsible for the survival of both plant hosts and fungal symbionts in
high stress habitats. Here we describe the role of symbiotic fungi in plant stress tolerance and present
a strategy based on adaptive symbiosis to potentially mitigate the impacts of global change on plant
communities.
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1. Introduction

Throughout evolutionary time plants have been confronted with changing environ-
mental conditions, forcing them to adapt or succumb to selective pressures such
as extreme temperatures, insufficient water and toxic chemicals. Although it is
difficult to determine the exact temporal dynamics of prehistoric climate changes, it
is clear that climate change has accelerated in the last century (Murray 1997). This
has resulted in elevated atmospheric CO2, temperature and ultraviolet radiation,
which are predicted to increase plant stress by altering rainfall patterns, photosyn-
thetic activity and water utilization, and increasing the incidence of plant disease
and herbivory (Parry 1990). In addition, the increase and expansion of human popu-
lations during this same period has resulted in habitat degradation, decreased fresh
water supplies and increased salinization of agricultural soils. Collectively, these
continuing global changes constitute a significant threat to plants in natural and
agricultural ecosystems and it is important to address fundamental questions such
as: Will the temporal dynamics of global change allow plants the time necessary to
adapt to increased environmental stresses?

Since plants lack any form of locomotion they have evolved complex biochem-
ical/genetic systems to perceive stresses, transmit stress-activated signals to differ-
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ent tissues and activate cellular responses to avoid detrimental effects. Although
there have been significant advances in understanding plant stress responses, much
remains to be determined biochemically, genetically and ecologically. For example,
all plants are known to initiate responses to elevated temperatures, yet few species
are capable of tolerating environments that impose high temperature stress such
as geothermal soils (Stout and Al-Niemi 2002). Is this due to differences in stress
perception, stress-response timing or the magnitude of the response? Although the
time frame necessary for plant adaptation to environmental stresses is unknown, the
adaptive process is considered to be regulated by the plant genome (Smallwood et
al. 1999). However, most plant studies do not consider the fact that plants in natural
ecosystems have symbiotic associations with fungi. Symbiosis (from the Greek
sumbiosis, living together) was first described by Anton de Bary (1879) and later
interpreted by Hertig et al. (1937). Since that initial description, our understanding
of biological organisms indicates that all plant life on Earth is symbiotic with
fungi. These fungi are important to the structure, function, and health of plant
communities (Bacon and Hill 1996; Clay and Holah 1999; Petrini 1986; Read
1999; Rodriguez and Redman 1997). In fact, symbiotic fungi contribute to and
may be responsible for the adaptation of plants to environmental stresses (Clay and
Holah 1999; Morton 2000; Redman et al. 2002a).

There are two major classes of fungal symbionts associated with plants: fungal
endophytes reside entirely within plant tissues and may be associated with roots,
stems and/or leaves; and mycorrhizal fungi that reside only in roots but extend out
into the rhizosphere. Fungal symbionts express a variety of symbiotic lifestyles
including mutualism, commensalism, and parasitism (Lewis 1985). Mutualistic
symbioses confer host fitness benefits that can result in stress-tolerance, increased
growth rates and/or nutrient acquisition. Commensal symbioses have no beneficial
or detrimental effects on hosts. Parasitic fungi negatively affect host fitness by
decreasing growth rates and/or fecundity, or inducing disease symptoms that may
result in lethality (described here as a pathogenic lifestyle).

The genetic and biochemical processes responsible for the expression of dif-
ferent fungal symbiotic lifestyles are unknown. However, it is clear that lifestyle
expression is regulated by the host genome and abiotic conditions (Graham and
Eissenstat 1998; Johnson et al. 1997; Redman et al. 2001; Schulz et al. 1999; Smith
and Goodman 1999). One approach to generating stress tolerant plants involves
cloning genes from plants located in high stress environments into stress-sensitive
species. Although this strategy will have some level of success, it does not consider
symbiosis as an important factor in plant adaptation and survival. Since all plants
are symbiotic with endophytic fungi, we began to investigate the potential role
of symbionts in the adaptation of plants to high stress environments. Here, we
describe examples of how mutualistic fungi confer stress tolerance to plants and
how this may be used to mitigate the impacts of global change in this century.
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Figure 1. Annual soil temperatures at Amphitheater Springs in Yellowstone National Park Wyoming,
USA. A data logger recorded temperatures in the root zone of D. lanuginosum (15 cm depth) every
four hours for one year.

2. Stress Tolerance and Plant/Fungal Symbiosis

2.1. TEMPERATURE

All plants are known to initiate complex biosynthetic responses to elevated temper-
atures which involve the synthesis of heat shock proteins and antioxidant systems,
and adjustments in osmotic potential and membrane lipids (Iba 2002). However,
few plants are capable of thriving in geothermal soils that impose temperature and
drought stress. For example, the plant species Dichanthelium lanuginosum grows
in the geothermal soils of Yellowstone (YNP) and Lassen Volcanic National Parks
(LVNP), and is located in soils that reach temperatures as high as 57 °C (Stout
and Al-Niemi 2002). Geothermal soils of YNP have significant annual temper-
ature fluctuations that are influenced by moisture (Figure 1). Winter snows melt
on contact with geothermal soils to decrease temperatures and a lack of rainfall
in summer results in dry hot soils. Therefore, D. lanuginosum is exposed to high
temperatures and drought conditions on an annual basis.

Recently, we demonstrated that D. lanuginosum is symbiotic with a fungal spe-
cies of the genus Curvularia (Redman et al. 2002a). All of the plants analyzed (N =
200) were colonized with Curvularia sp. Interestingly, the same Curvularia sp. was
isolated from D. lanuginosum plants in geothermal soils of YNP and LVNP that
are separated by 800 miles. Since all D. lanuginosum analyzed were symbiotic with
Curvularia sp., we performed experiments to determine if the fungus contributed
to host survival.

Laboratory and field studies indicate that Curvularia sp. confers thermotoler-
ance to D. lanuginosum and this plant/fungal symbiosis is responsible for survival
of both species in geothermal soils. When grown asymbiotically under controlled
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Figure 2. Field performance of symbiotic (S) and non-symbiotic (NS) D. lanuginosum. S (colonized
with Curvularia sp.) and NS (mock inoculated) plants were generated as previously reported (Red-
man et al. 2002a). Plants were grown for two months in the laboratory and planted into geothermal
soils as two independent sets of five plants/set. Prior to planting, geothermal soil was removed from
locations differing in soil temperatures and pasteurized twice in the laboratory (48 hr at 70 °C, 24
hrs at 25 °C, then 48 hr at 70 °C). The bottoms were removed from plastic containers which were
inserted into the holes left after removing soil. Containers were filled with pasteurized soil and plastic
barriers inserted to prevent cross-inoculation between S and NS plants. Seedlings were planted and
watered with sterile water once/week for three weeks. Soil temperatures indicated on the left were
recorded at 20 cm just before plants were removed for processing (May, 2002) and the biomass of
plants (leaves and roots) is listed on the right.

conditions, the maximum growth temperature of D. lanuginosum and Curvularia
sp. is 40 °C and 38 °C, respectively. However, when these organisms are grown
symbiotically they are able to tolerate root temperature regimes of 70 °C for 10 hr
followed by 37 °C for 14 hr (Redman et al. 2002a). We observed similar results
with symbiotic and nonsymbiotic D. lanuginosum in geothermal soils of YNP. We
chose six locations that ranged in soil temperature from 35 °C to 45 °C and placed
plants into soil that had previously been removed, pasteurized to eliminate resident
fungi and replaced. Twelve months after transplanting, symbiotic plants had greater
biomass than nonsymbiotic plants at all temperatures (Figure 2). The difference
between these plants increased with temperature with nonsymbiotic plants unable
to survive 45 °C soil temperature. Although the mechanism of symbiotically con-
ferred thermotolerance is not yet known, our data indicate that the symbiosis rather
than the individual partners adapted to a habitat-specific stress.
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TABLEI

Host range and symbiotic lifestyle expression of Colletotrichum species.

Fungus Symptomatic hosts Asymptomatic hosts Symbiotic
lifestyle(s)
expressed

C. lindemuthianum bean none observed P

C. graminicola corn none observed P

C. coccodes tomato, cucurbits, pepper, none observed P

eggplant, strawberry

C. acutatum strawberry cucurbits P, C

C. gloeosporioides strawberry cucurbits, tomato, pepper, P, C

eggplant

C. orbiculare cucurbits, pepper, tomato®,  tomato®, eggplant™® P,C,M

eggplant®

C. musae banana cucurbits, tomato, pepper, PCM

eggplant

C. magna cucurbits tomato, pepper, eggplant, PC,M

bean, strawberry

Host range tests and pathogen bioassays were performed as previously described (Redman et al.
2001). P = pathogenic, C = commensal and M = mutualistic (based on the ability of the fungus to
confer disease protection against fungal pathogens). * — depending on the plant variety fungi were
either pathogenic or expressed non-pathogenic symbiotic lifestyles.

2.2. DISEASE

Filamentous fungal plant pathogens are responsible for tremendous annual crop
and revenue losses throughout the world. Despite extensive investigations over the
last 100 years to understand the basis of fungal pathogenicity and develop long term
control strategies, fungal plant diseases remain a significant agricultural problem.
Since the early 1920’s the majority of plant disease control strategies use chemical
fungicides and/or breeding specific pathogen resistance genes into plants. Plant
species, and cultivars within a species, vary in resistance levels to fungal pathogens,
and resistance correlates with a complex series of cellular responses (collectively
known as host defense systems) that may be localized or systemic (Dangl et al.
1996; Ryals et al. 1996). Some researchers suggest that the difference between
resistance and susceptibility is based on the ability of plants to perceive pathogens
and the timing of defense system activation (Kuc and Strobel 1992). If plants are
able to activate defense systems rapidly, then pathogen ingress will be terminated
and the disease process thwarted.

Some fungal endophytes confer host resistance against several different fungal
pathogens (Blee and Anderson 2000; Clay and Schardl 2002; Duchesne 1996;
Freeman and Rodriguez 1993; Latch 1993). One of the more dramatic examples
of this is represented by the behavior of plant pathogenic Colletotrichum spe-
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Figure 3. Biochemical response of symbiotic (S, colonized with a non-pathogenic mutant of C.
magna) and non-symbiotic (NS, mock inoculated) watermelon seedlings to pathogen challenge. S
and NS seedlings were prepared and biochemical assays performed as previously described (Redman
etal. 1999). Ten plants were assayed for peroxidase activity and lignin deposition every 24 hours post
inoculation with a virulent pathogen. Lignin deposition and peroxidase activity are correlated with
disease resistance in watermelon plants (Hammerschmidt 1984; Hammerschmidt 1982).

cies in asymptomatic hosts (Redman et al. 2001). Historically, the host range of
plant pathogenic fungi has correlated with disease symptoms and if there were no
manifested symptoms (asymptomatic), the plant was not considered a host (Ulloa
and Hanlin 2001). However, we observed that some pathogenic fungi have both
symptomatic and asymptomatic hosts (Redman et al. 2001). Asymptomatic hosts
are extensively colonized by fungi without the occurrence of disease symptoms and
the fungi express either commensal or mutualistic lifestyles. For example, Colleto-
trichum species have one of three host range and symbiotic lifestyle expression
patterns: 1) a narrow host range and a pathogenic lifestyle, 2) a wide host range
and a pathogenic lifestyle, or 3) a wide host range and both pathogenic and com-
mensal or mutualistic lifestyles (Table 1). All of these Colletotrichum species cause
lethality on known symptomatic hosts and therefore, are defined as pathogenic.
The mechanism of how fungal endophytes confer disease resistance is unknown.
However, we demonstrated that symbiotic and nonsymbiotic plants respond dif-
ferently to pathogen challenge (Redman et al. 1999). This was determined by
generating mutants of Colletotrichum magna that are no longer pathogenic but
retain the ability to colonize cucurbit species such as watermelon and squash (Free-
man and Rodriguez 1993; Redman et al. 1999a; Redman et al. 2001). Unlike the
virulent wildtype from which they were derived, these non-pathogenic mutants
express either commensal or mutualistic lifestyles in cucurbit hosts. One of the
benefits conferred to hosts by the mutualistic mutants is protection against virulent
fungal pathogens. Nonsymbiotic plants respond to pathogen challenge by slowly
activating defense systems while plants symbiotic with mutualistic mutants re-
spond by rapidly activating defense systems to high levels (Figure 3). This suggests
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Figure 4. Desiccation tolerance of symbiotic (S, colonized with a non-pathogenic mutualistic mutant
of C. magna) and non-symbiotic (NS, mock inoculated) watermelon seedlings. The ability of the
mutant to confer drought tolerance was measured in 100 S and 100 NS watermelon seedlings (Sugar
Baby cultivar). Ten plants were placed in separate 100 ml beakers containing 30 ml water. Every 24
hr, one of the beakers was emptied and the plants left dry. This process was continued for 9 days (the
water in one of the beakers was maintained as a control) and all the beakers were re-filled with 30 ml
water, the plants left to recover for 48 hours and assessed for mortality. The number of days without
water is indicated above the plants and the viability (%) is indicated below.

that communication between host and symbiont increases the ability of plants to
perceive a pathogen and rapidly activate defense systems.

It is clear that a single fungal isolate can express pathogenicity in some plant
species, and commensalism or mutualism in others. In addition, some fungal endo-
phytes express different symbiotic lifestyles (from mutualism to parasitism) based
on host physiology, which changes in response to environmental conditions (Fran-
cis and Read, 1995; Graham and Eissenstat 1998; Johnson et al. 1997; Schulz et al.
1999). Therefore, global changes that alter plant physiology may also alter sym-
biotic communication such that native fungal symbionts express pathogenic rather
than mutualistic lifestyles. This could have dramatic impacts on plant community
structure and geographic ranges of individual species.

2.3. WATER

Plant responses to water deficits includes osmotic adjustments, production of an-
tioxidants, altered transcriptional and translational regulation, and altered stomatal
activity (Griffiths and Parry 2002; Shinozaki and Yamaguchi-Shinozaki 1998). Al-
though all plants respond to water deficit, few species are drought-tolerant and
avoid detrimental impacts of water stress (Bray 1993). However, there are numer-
ous reports describing drought tolerance conferred to plants by fungal symbionts
(Clay and Schardl 2002). The mechanism of symbiont conferred drought tolerance
is not known, although it is thought to involve osmotic adjustments and/or altered
stomatal activity (see Malinowski and Belesky 2000). This ability of fungal en-
dophytes to confer drought tolerance has been studied in very few plant species.
Fungal endophytes from the forage grass, tall fescue, significantly increase drought
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tolerance of this species under controlled and field conditions (see Clay and Schardl
2002). The mutualistic Colletotrichum magna mutants described above also confer
significant drought tolerance to watermelon plants (Figure 4). Moreover, both the
nonpathogenic mutants and wildtype C. magna asymptomatically colonize non-
cucurbit hosts including tomato, and pepper (Redman et al. 2001). In tomato and
pepper plants, the mutualistic mutants and wildtype C. magna confer drought toler-
ance that allows symbiotic plants to survive desiccation 24 (tomato) or 48 (pepper)
hours longer than nonsymbiotic plants (Redman et al. 2001). This demonstrates
the importance of the host genotype in expression and magnitude of benefits con-
ferred by mutualistic fungi. More importantly, the host range of fungal endophytes
is greater than previously thought and it is possible for endophytes to colonize
distantly related plant species. Therefore, an endophyte responsible for confer-
ring stress tolerance in one plant species could be used to colonize an unrelated
asymptomatic host and confer similar benefits.

2.4. SALT

All plants are known to have salt sensitive metabolisms, whether they grow in salt
marshes or temperate rainforests (Yeo 1998). However, plants that live in saline
environments have developed several mechanisms to tolerate salt stress that include
exclusion, compartmentalization or translocation of salt, cellular osmotic adjust-
ments, and/or antioxidant systems (Gilbert et al. 2002; Sairam et al. 2002; Yeo
1998; Yoshida et al. 2003). Although salt stress adaptation by plants is biochemic-
ally and genetically complex, some mycorrhizal fungi confer salt tolerance through
symbiosis (Al-Karaki et al. 2001; Ruiz-Lozano et al. 1996; Yano-Melo et al. 2003).
The physiological basis of fungal-conferred salt tolerance has not been investigated
but this appears to be a generalized phenomenon in several plant species including
banana, tomato and lettuce. Like thermotolerance, the majority of research on plant
salt tolerance focuses on isolated plant species rather than symbiotic partnerships
that are more common in nature.

3. Mechanisms of Mutualistic Benefits

Mutualistic fungi may confer several benefits to plants such as tolerance to drought,
metals (Read 1999), disease, and temperature, growth enhancement (Marks and
Clay 1990; Redman et al. 2002b; Varma et al. 1999), and nutrient acquisition
(Read 1999). Symbiotically conferred abiotic and biotic stress tolerance appear
to involve two mechanisms: 1) rapid activation of host stress response systems
after symbiotic plants are exposed to stress (Redman et al. 1999), or 2) synthesis
of anti-stress biochemicals by the fungus (Bacon and Hill 1996). It is not known
how endophytes activate host stress response systems or if there are additional
mechanisms involved in symbiotically-conferred stress tolerance. The only known
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anti-stress biochemicals produced by endophytic fungi are alkaloids that decrease
plant herbivory (Siegel and Bush 1997). Many of the endophytes that produce
anti-herbivory alkaloids also confer drought tolerance to host plants (Bacon and
Hill 1996). Although the mechanism of endophyte conferred drought tolerance is
unknown, it is correlated with the activation of host stress response systems (Auge
2000). Therefore, we propose that, in addition to anti-stress chemicals, plant/fungal
mutualisms have been maintained over evolutionary time by the ability of fungi
to control the activation of host stress response systems and in essence, act as
‘biological triggers’. This is supported by the fact that symbiotic plants activate
defense systems more quickly than non-symbiotic plants after pathogen challenge;
all plants studied, including ancient lineages such as liverworts, ferns, and mosses
are symbiotic with endophytic fungi; and symbiotic fungi (Auge 2000) have been
associated with plants >400 mya (Pirozynski and Malloch 1975; Redecker et al.
2000; Remy et al. 1994; Simon et al. 1993). Although there are several potential
biochemical mechanisms that the host may use to overcome stress, the symbiotic
communication that leads to activation of host stress response systems is unknown.

4. Adaptive Symbiosis as a Strategy for Mitigating Global Change

As global changes continue to increase environmental stresses on plant communit-
ies, it is critical to begin developing strategies to mitigate detrimental impacts of
these stresses on terrestrial and aquatic ecosystem health and agricultural pro-
ductivity. More than 120 years after the first description of symbiosis, it is clear
that all plants are symbiotic with fungi. In some high stress environments these
symbioses are responsible for plant survival and although the universality of this
observation is not known, it is possible that fungal symbionts are required for
plant survival in all high stress environments. In addition, host range observations
with Colletotrichum species indicate that fungal species expressing non-mutualistic
lifestyles in specific hosts may establish mutualistic symbioses with genetically
unrelated plant species and confer stress (disease and/or drought) tolerance. If this
is common, it may be possible to use fungal endophytes from hosts thriving in high
stress environments to confer desirable traits such as drought, temperature, disease,
and salt tolerance to genetically unrelated stress-sensitive plant species. This would
allow native plants and agricultural crops to be generated with new capabilities for
tolerating specific environmental stresses brought about by global change.

5. Conclusion
The genetic and biochemical bases of plant/fungal symbiotic communication is

not known. However, once the basis of symbiotic communication is elucidated
it may be possible to develop predictive capabilities for establishing symbioses
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between specific fungi and plants to achieve desirable stress tolerance specific to
geographic regions. In doing so, fungal symbiosis may provide an inexpensive and
viable strategy for mitigating the impacts of global change on plants and plant
communities.
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