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Abstract

Local infection by single strains of pathogenic bacteria, fungi or viruses can induce
plants to develop a plant-wide resistance against future attack by a variety of micro-
bial pathogens. This phenomenon, called induced systemic resistance (ISR), has
been intensively studied with respect to the underlying signalling pathways and to its
potential use in crop protection, while ecological or evolutionary studies are rare.
However, understanding the selective advantages of an induced as compared to con-
stitutive resistance requires ecological and evolutionary research. The same holds
true for the questions of how important this form of resistance is in natural plant popu-
lations, and how it affects other plant-insect and plant-microbe interactions.

Putative fitness costs provide an explanation for why ISR is induced instead of
constitutive, and they might constrain the use of ISR as preventative protection of cul-
tivated plants. Though ISR is mainly elicited by and effective against pathogens, fur-
ther biotic agents such as leaf-chewing herbivores, leaf miners, aphids and even non-
pathogenic root-colonising bacteria can induce systemic pathogen resistance, while
some ISR traits can have a defensive effect against herbivores. ‘Cross-resistance’
elicited by and effective against non-microbial plant enemies thus might add signifi-
cantly to the function of ISR. On the other hand, ‘trade-offs’ have been reported, i.e.
increased susceptibility to herbivores in ISR-expressing plants. Finally, ISR is a rather
unspecific response, being active against different microbes. It thus might have ef-
fects on mutualistic bacteria and fungi, too. The question of how expression of ISR af-
fects the large variety of mutualistic and antagonistic plant-microbe and plant-insect
interactions cannot yet be answered. This knowledge is, however, needed to obtain a
risk assessment for the use of chemically induced or genetically engineered ISR in
crop protection. This review aims to provide an overview and to highlight some of the
many open questions which require intensive ecological research.
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Introduction

Induced plant resistance against pathogen  microbial pathogens has concentrated (i) on
infection has been described for more than  the specificity of interactions (Jackson & Tay-
100 years (early studies reviewed by Chester  |or 1996; Somssich & Hahlbrock 1998), {ii) on
1933). Over the past decades, research on  the underlying signalling pathways (Ryals et
induced systemic resistance (ISR) against al. 1994; Hunt et al. 1996; Hunt & Ryals 1996;
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Schneider et al. 1996; Kuc 1997; van Loon
1997), and (iii) on how these findings might be
used in crop protection (Karban & Kuc 1999).
Few studies have focused on ecological or
evolutionary aspects of ISR (Heil 1999).
Therefore, important questions are still unre-
solved. For example, it is not understood why
an induced rather than a constitutive resis-
tance has evolved. Moreover, the high num-
ber of biotic and abiotic inducing agents leads
to the question of whether there exists any
plant in nature which has not been already in-
duced. Finally, the interactions between ISR
and phenomena such as induced herbivore
resistance (IRH) and effects on various plant-
insect and plant-microbe interactions, along
with the potential influence on these interac-
tions when ISR is used in crop protection, re-
quire intensive ecological research.

Elicitation, signalling and
the ISR phenotype

Local infection by single strains of bacteria,
viruses or fungi induces many plant species to
synthesise a signal at the site of infection
which then spreads systemically throughout
the plant. Salicylic acid (SA, Raskin 1992) is
involved in this pathway (Malamy et al. 1990;
Métraux et al. 1990; Lawton et al. 1995; Ham-
merschmidt & Smith-Becker 1999; Cameron
2000; Métraux 2001), but it is probably not the
translocated signal, and if it is, then it is proba-
bly not the only signal (Hammerschmidt &
Smith-Becker 1999). - The systemically
translocated signal induces the expression of
a broad-spectrum, long-lasting immunity
against further pathogen infection in both in-
fected and non-infected plant parts, called
systemic acquired resistance (SAR) (Ross
1961) or induced systemic resistance (ISR,
for reviews see, e.g. Kuc 1982; Ryals et al.
1994; Hammerschmidt & Kuc 1995; Kuc
1995a; Hunt et al. 1996; Sticher et al. 1997;
Hammerschmidt & Smith-Becker 1999). The
efficacy of ISR against a variety of plant dis-
eases has been demonstrated convincingly,
and it is clear that the specificity of the in-
duced resistance is not directly dependent on
the type of inducing pathogen (Ryals et al.
1994; Jackson & Taylor 1996; Schneider et al.
1996; Sticher et al. 1997). Initially, this phe-
nomenon was thought to be ubiquitous, and
resistance was thought to be equally effective
against many different pathogens, but recent

studies suggest intra- and interspecific vari-
ability and specificity (see e.g. Sticher et al.
1997 for an overview). In general, resistance
seems to be most active against fungi, less ef-
fective against bacteria and least effective
against viruses (Kuc 2001).

A local oxidative burst (Lamb & Dixon
1997), along with a hypersensitive response
characterised by programmed cell death and
leading to necrosis at the site of infection, is
regularly associated with (and might be
causally related to) ISR (Greenberg 1997;
Kombrink & Schmelzer 2001). The systemic
response involves the de novo production
of cell-wall components (Hammerschmidt
1999a; Hammerschmidt & Nicholson 1999),
of phytoalexins (Kuc 1995b; Hammerschmidt
1999b), and of so-called pathogenesis-re-
lated (PR) proteins, some of which show chiti-
nase or p-1,3-glucanase activity (van Loon
1997; Neuhaus 1999; van Loon & van Strien
1999).

The importance of local alteration of cell
wall composition in inhibiting penetration by
pathogens has been described for many plant
species. Both monocotyledonous and di-
cotyledonous plants respond by forming cell
wall appositions (so-called papilla) at sites of
attempted pathogen penetration (Aist 1976).
Elicitation of ISR can lead to a higher rate of
papillae formation in challenged, previously
uninfected leaves (Stumm & Gessler 1986).
Phytoalexins are antimicrobial compounds
that are induced after infection (Hammer-
schmidt & Nicholson 1999). Chitinases play
an important role in the defence of plants
against fungal pathogens with chitin-contain-
ing cell walls (Sahai & Manocha 1993; Iseli et
al. 1996; Jackson & Taylor 1996). Purified
chitinases exhibit pronounced antifungal ac-
tivity, particularly in combination with pB-1,3-
glucanases (Schlumbaum et al. 1986; Mauch
et al. 1988). Plants which over-express chiti-
nase can show decreased susceptibility to in-
fection by some fungi that have a chitin-con-
taining cell wall (Broglie et al. 1991; Datta &
Datta 1999).

Though these results point to a function of
PR-proteins in resistance, members within
the same family of PR-proteins can differ
greatly in their enzymatic activity, and the
function of several PR-proteins is still un-
known (van Loon & van Strien 1999). Overall,
the functional significance of PR-proteins with
respect to plant defence is unresolved. In the
case of rhizobacteria-mediated induced
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pathogen resistance, no enhanced expres-
sion of PR-proteins can be observed before
the plant is challenged by infection (Pieterse
et al. 2001). The expression of genes encod-
ing typically ‘defence-related’ proteins, such
as PR-1 and B-glucanase 2 (which are often
used as ISR markers), can be uncoupled from
pathogen resistance itself (Greenberg et al.
2000), indicating that these compounds are at
least not absolutely necessary for an effective
phenotypic resistance.

Inducing agents

ISR is mainly induced by pathogenic microor-
ganisms but can be elicited by other organ-
isms and by exogenous application of several
different, chemically unrelated compounds.
Exogenous SA or MeSA application or over-
expression of SA (Bowling ef al. 1994; Mauch
et al. 2001) can elicit ISR or lead to constitu-
tive ISR. The same holds true for dichloro-
isonicotinic acid (INA) and other chemicals
such as benzothiadiazole (‘acibenzolar’,
‘BTH’, or ‘BION’, see below) which substitute
for SA in the signalling pathway (Kessmann et
al. 1994; Gérlach et al. 1996; Oostendorp et
al. 2001). Further elicitors of ISR include sub-
stances such as several organic acids, potas-
sium and sodium phosphates, silica, reactive
oxygen species and so on. Chemical ISR in-
ducers are structurally very different, but most
lead to oxidative stress and local cell death
(Kuc 2001). Several chemicals as well as nat-
ural pathogen infection have been reported
not to elicit ISR directly, but rather to ‘prime’ or
‘potentiate’ plants, thus leading to a faster and
stronger response in case of pathogen attack
(Conrath et al. 2001; Jakab et al. 2001). ISR
can also be induced by the plant hormone
ethylene (Linthorst ef al. 1996) or by nitric
oxide (NO), which seems to be an internal sig-
nal as well (Klessig et al. 2000). Plant-wide
pathogen resistance can be induced even by
abiotic stress, including mechanical wounding
(Ignatius et al. 1994), wind-induced mechani-
cal stress (Moran & Cipollini Jr. 1999) or cold
stress (Tronsmo et al. 1993).

A phenotypically similar, systemic resis-
tance against pathogens can be induced by
non-pathogenic rhizobacteria (so-called plant
growth promoting bacteria, see Ramamoorthy
et al. 2001). This ‘rhizobacteria-mediated re-
sistance’ does, however — at least in some
cases — not include the synthesis of PR-pro-

teins; it is not associated with major changes
in gene expression at all, and relies on jas-
monic acid (JA) signalling rather than on SA
(van Loon et al. 1998; Pieterse et al. 2001).
However, induction in other rhizobacteria-
plant combinations seems to depend on a
functional SA signalling. Obviously, there are
several possibilities, and rhizobacteria-medi-

. ated resistance can be SA-dependent or inde-

pendent, JA-dependent or independent, both
SA- and JA-dependent, or might rely on a
novel pathway (C.-M. Ryu, pers. comm). Non-
pathogenic bacterial endophytes can induce
pathogen resistance, too (Benhamou et al.
2000). Further biotic inducers of PR-proteins
and/or of phenotypically efficient ISR include
a large range of non-microbial organisms
such as herbivorous beetle larvae (Hatcher &
Paul 2000), caterpillars (Padgett et al. 1994;
Stout et al. 1998a), whiteflies (Mayer et al.
1996; Inbar et al. 1999), aphids (Russo et al.
1997, Stout et al. 1998a; van der Westhuizen
et al. 1998; Forslund et al. 2000), thrips
(Russo et al. 1997) and leaf miners (Inbar et
al. 1999).

Interactions with other forms of
induced resistance

Several studies have focused on cross-resis-
tance or trade-offs between ISR and induced
herbivore resistance. While ‘cross-resistance’
describes resistance against one group of
plant enemies induced by another, the term
‘trade-off’ has been used to describe an in-
creased susceptibility of plants to one group
when being in the induced stage of resistance
against the other. Several examples of cross-
resistance have been reported. For example,
some PR-proteins typically involved in ISR
(especially chitinases) can be induced by the
action of insects (Mayer et al. 1996; Inbar et
al. 1998, 1999), and can have detrimental ef-
fects against herbivores as well (Broadway et
al: 1998; Inbar et al. 1998, 1999). It has,
therefore, already been hypothesised that
chitinases might have negative effects on mu-
tualistic insects (Picard-Nizou et al. 1997; Heil
et al. 1999), though conclusive evidence is
still missing. Damage by herbivores can make
plants more resistant against fungi (Hatcher
et al. 1995; Hatcher & Paul 2000) and bacte-
ria' (Stout ef al. 1998a). Aphids in general
seem to elicit ISR rather than IRH (Fidantsef
et al. 1999; Stout et al. 1999), which makes
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some ecological ser:se since they often func-
tion as vectors for fungal or viral diseases.
Chemical elicitors of ISR can protect plants
against leaf-miners and whiteflies (Inbar et al.
1998). Methyl-jasmenate/JA, a typical elicitor
of herbivore resistance, can induce PR-pro-
teins (Xu et al. 1994). Galling herbivores can
elicit a hypersensitive response which might
be a widespread plant response effectively
decreasing gall survival (Fernandes & Ne-
greiros 2001), while it is regularly associated
with ISR (Greenberg 1997; Kombrink &
Schmelzer 2001).

On the other hand, trade-offs have been
described (Felton et al. 1999; Thaler 1999b).
In tomato, Lycopersicon esculentum, chemi-
cal induction of ISR decreased the plant's
ability to express wound-inducible proteinase-
inhibitors (Doares et al. 1995; Fidantsef et al.
1999), and treating leaves with a chemical
ISR elicitor increased their suitability for cater-
pillars (Thaler et al. 1997; Stout et al. 1999).
SA-treatment inhibited wound- and JA-in-
duced responses (Stout et al. 1998b), and ap-
plication of JA reduced the efficacy of chemi-
cal ISR elicitors (Thaler et al. 1997). SA or re-
lated substances can inhibit the synthesis of
JA and thus the expression of JA-dependent
genes (Pena-Cortes et al. 1993; Baldwin et al.
1996, 1997; Engelberth et al. 2001), and an
inhibition of JA-responsive genes by SA act-
ing downstream of JA has been reported, too
(Doares et al. 1995; Niki et al. 1998). For a
general review on the role of JA in plants see
Creelman & Mullet (1997).

The system is additionally complicated by
the multiple action of secondary compounds
such as phenolics, terpenoids, alkaloids, fura-
nocoumarins (Berenbaum & Zangerl 1999)
and many other substance classes which are
well-known to exhibit biological activity
against herbivores and/or pathogens (Luck-
ner 1990; Dey & Harborne 1997). In general,
these substances are not considered in stud-
ies on ISR, which are based often on the de-
tection of some selected PR-proteins to char-
acterise the induced stage. For many sub-
stances it is not yet known whether or not their
induction depends on the SA-dependent sig-
nalling pathway at all (Constabel 1999). How-
ever, some studies — and especially those in-
vestigating induced resistance phenomena at
the phenotype level by challenging plants with
pathogens — might be strongly biased by the
multiple effects of all these substances. Diffi-
culties and misunderstandings can result from

interpreting phenotypic resistance on the
basis only of widely used molecular markers.
It is important that studies on cross-resistance
and trade-offs take account of all the chemical
changes in the plant which can affect further
pathogen infection. They therefore need to
consider the ‘classical’ secondary compounds
instead of concentrating on PR-proteins.

Costs of ISR
Why induced resistance?

Why has ISR evolved as an induced rather
than as a constitutive defence? Given the evi-
dence for the ability of a plant to establish re-
sistance against many different pathogens at
the same time, it is difficult to understand why
a first, challenging infection is required, which
might be even harmful if the pathogen
spreads too rapidly within the plant (Heil
1999). Induced defences leave the plants un-
protected for the time span until resistance
traits have been established, and thus should
have a lower beneficial effect on plant fitness
as compared to constitutive defence. How-
ever, resistance might be too costly to be ex-
pressed continuously (Heil 2001). The con-
cept of fitness costs of resistance assumes a
reduced fitness of the more resistant as com-
pared to the less resistant phenotype, when
both are compared under enemy-free. condi-
tions which prevent the resistance from hav-
ing any beneficial effects. This concept has
been well developed for resistance against in-
sect herbivores (Rhoades 1979; Simms &
Rausher 1987; Simms & Fritz 1990; Herms &
Mattson 1992), but has rarely been applied to
ISR (Heil 2001). Several empirical studies
have tried to quantify costs of induced resis-
tance against herbivores (Brown 1988; Bald-
win 1998; Agrawal =f al. 1999; Thaler 1999a;
Redman et al. 2001). Phenotypes of plants
that are positively or negatively affected in
their 1SR expression are in general consistent
with the proposition that ISR can have nega-
tive effects on plant growth and fitness when
expressed under pathogen-free conditions
(M. Heil & I.T. Baldwin, unpubl. data).

Fitness costs can arise in different ways.
For example, ‘allocation costs’ might occur
since limited resources, once allocated to the
production of defensive compounds, cannot
be used for other fitness-relevant processes
such as growth and reproduction (Herms &
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Mattson 1992). However, costs might result
also from autotoxic properties of defensive
compounds (‘self-damage costs’), or from
other ‘side effects’ of molecules that are in-
volved in signalling or causing the resistant
phenotype. Furthermore, detrimental influ-
ences on plant mutualists and other negative
effects appearing when defences interact with
the plants’ environment can lead to ‘ecologi-
cal’ or ‘environmental’ costs (Tollrian & Harvell
1999).

Allocation costs of ISR

Several studies have produced results which
are consistent with the suggestion that ISR
expression can cause fitness costs by using
up limited resources which then cannot be al-
located to other processes such as growth
and reproduction (see discussion in Heil
2001). In order to detect allocation costs of
ISR directly we used spring wheat (Triticum
aestivum cv. ‘Hanno’) and treated it with
BION® (active component benzo(1,2,3) thiadi-
azole-7-carbothioic acid-S-methyl ester; No-
vartis, now Syngenta, Basel, Switzerland).
BION® elicits resistance in wheat against sev-
eral pathogens and induces expression of a
set of so-called ‘wheat chemically induced’
genes (Gorlach et al. 1996). Plants that were
protected passively against fungal infection
by the application of traditional fungicides
were grown under a range of nutrient condi-
tions and were either treated with BION® or
left untreated as controls; for detailed meth-
ods description see Heil et al. (2000a).

BION® treatment led to a reduced number
of lateral shoots and thus to a reduced above-
ground biomass gain and seed set under
most growing conditions (Fig. 1a). Effects
were most pronounced for plants treated dur-
ing lateral shoot production, while later BION®
application had no detectable effect on seed
set as compared to controls (Fig. 1b). Though
some phytotoxic effects of BION® occur when
the compound is applied in high concentra-
tions, these results suggest that there may be
fitness costs of ISR. We tried to avoid phyto-
toxicity by using low concentrations of BION®
as recommended by the provider for agricul-
tural field use. Moreover, we compared differ-
ent nitrogen regimes and found negative fit-
ness effects which were consistent with them
being consequences of allocation costs of
ISR. Largest effects occurred in plants suffer-
ing from a strong shortage of nitrogen, while

there was only a slight trend in those plants
which had been fertilised with high amounts of
nitrogen (Fig. 1c). This is not the result we
would have expected from direct effects of
BION®, which should have occurred under all
conditions. Using different growing conditions
(which affect the outcome of allocation costs
caused by a given level of induction) rather
than different concentrations of the inducing
agent (thus affecting the level of the induced
resistance) provides a good tool to separate
fitness effects of allocation costs from other
effects of the inducing agent. However, it can-
not be excluded that ‘side effects’ of BION®
have not biased these findings. Much more
research is required to decide whether the re-
sults obtained from this first, exploratory study
indicate fitness-relevant allocation costs of
ISR, and whether these effects occur in other
species and from ‘natural’ as well as chemical
elicitation of ISR.

Physiological ‘side effects’ of ISR

Apparent costs of ISR could also be due to
side-effects of induced compounds, of induc-
ing agents, or of signalling molecules (i.e. ef-
fects unrelated to the defensive function of
these compounds). Both JA and SA are plant
hormones involved in developmental pro-
cesses such as flower and fruit development
(Raskin 1992; Creelman & Mullet 1997) and
several fitness-relevant effects of increased
JA- or SA-levels might result from these func-
tions rather than from their defensive role. For
example, following pathogen infection or elici-
tor treatment inhibitory effects of SA on nitrate
reductase (Jain & Srivastava 1981; Ramanu-
jam et al. 1998), reduced RUBISCO levels,
and reduced expression of histone-encoding
genes have been reported (Longemann et al.
1995; Somssich & Hahlbrock 1998). For all
these phenomena, it is unknown: (i) whether
the effects appear only in the unnatural exper-
imental situation of eliciting ISR chemically,
(i) whether they are necessary or only inci-
dental consequences of resistance elicitation,
and (i) whether they also occur at the whole-
plant level. In any case, the physiological rele-
vance of some of the observed effects is
doubtful since very high concentrations of SA
were used in the experiments (Raskin 1992).
No evidence has been reported to indicate
that there are costs associated with the sys-
temic resistance elicited by rhizobacteria. It is
interesting that this resistance appears, at
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Fig. 1. Effects of chemically induced ISR on growth and reproduction in wheat. Box-whisker plots (parts B
and C) represent 5% percentile (lower horizontal line), 1% and 3 quartile (lower and upper margin of the
box), median (line within the box) and 95% percentile (upper horizontal line). Figures 1a, b redrawn from
Heil et al. (2000a); data presented in Fig. 1c from Table 4 in Heil et al. (2000a). A. Time course in above-
ground growth [dry biomass produced by four plants growing in one pot] after BION® treatment at the begin-
ning of week 1 (n = 12 pots per treatment and harvest). B. Seed set [number of earlets produced by seven
plants grown in one pot] in dependence of date of BION® treatment. The two first applications (30 April and
27 May) were done during lateral shoot production, the last (26 June) after the end of lateral shoot produc-
tion (controls are not treated; n = 24 pots per application date). C. Effect of date of BION® treatment on
seed set [number of earlets produced by seven plants grown in one pot] in dependence of nitrogen fertilisa-
tion. For each temporal application pattern (see B), plants were treated with nutrient solutions containing ei-
ther no (0), 5 mM, or 10 mM nitrogen (n = 8 pots per treatment date-fertilisation combination).
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least in some cases, to be independent of the
induction of PR gene expression (Pieterse et
al. 2001), which is a possible source of alloca-
tion costs. Induction or ‘priming’ of resistance
via interactions with rhizobacteria might incur
relatively low costs which are strongly out-
weighed by the positive effects of these inter-
actions on plant nutrition. The outcome of
these interactions depends strongly on the
specificity of the interacting partners as well
as on abiotic factors; ecological studies are
needed in natural ecosystems to understand
better the significance of these interactions for
plant populations.

Ecological costs

Induced susceptibility

For IRH the resistance stage can be followed
by an induced susceptibility (Underwood
1998), but this phenomenon is unlikely to be
detected in experimental studies using a sin-
gle challenge infection to check for the exis-
tence of resistance. It will be even overlooked
in most time-course studies, since these nor-
mally are terminated as soon as the plant has
reached the original level of resistance (Un-
derwood 1998). The induced resistance of
ISR can persist for a considerable period —
even until the reproductive stage — though
there is known to be strong interspecific vari-
ability in the duration of the resistant stage
(Oostendorp et al. 2001). Induced susceptibil-
ity would represent a- strong environmental

cost of ISR. Time-course studies using differ-
ent plants and focusing on the phenotypically
expressed resistance would help to find out
whether this phenomenon occurs in induced
pathogen resistance, too.

Effects on mutualists

Effects on mutualists can easily be over-
looked, but they might have a strong influence
on the net outcome of ISR. Some studies
have already reported inhibitory effects of
chemically induced ISR on the development
of root nodules (Fig. 2; see also Martinez-
Abarca et al. 1998; Ramanujam et al. 1998;
Lian et al. 2000). Does this occur in nature as
well, or is it a consequence of artificial, chemi-
cal elicitation rather than a ‘real’ effect of ISR
itself? Experiments reported by Russin ef al.
(1990) indicate that herbivory and fungal in-
fections can indeed inhibit nodule develop-
ment and N,-fixing activity. It is, however, not
clear whether these effects have resulted
from ISR elicited by the plant enemies, or
from a reduced allocation of assimilates to
nodules; Russin et al. (1990) propose the lat-
ter interpretation. Are there comparative influ-
ences on other forms of plant-microbe mutu-
alisms such as mycorrhizae or interactions
with endosymbiotic fungi and bacteria? Given
the apparently low specificity of ISR, and the
fact that ISR components are involved in the
establishment and stabilisation of root nod-
ules and mycorrhiza (which have to be per-
manently stabilised at a stage between too
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Fig. 2. Effect of chemical ISR elicitation on root nodulation of faba bean (Vicia faba cv. ‘Hang down’). Total
nodule dry weight was measured on roots of bean plants six weeks after BION® application to both shoot
and roots. Different nutrient conditions were obtained by either fertilising plants weekly with a standard nu-
trient solution (see ‘solution 1b’ in Table 1, Heil et al. 2000a) or growing them in the same soil without any
fertilisation. Sample size is five plants per BION® treatment for the unfertilised and 10 plants per treatment

for the fertilised plants (M. Heil, unpubl. data).
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heavy infection and a too effective defence,
see Vierheilig et al. 1994; Dumas-Gaudot et
al. 1996; Martinez-Abarca et al. 1998;
Schultze & Kondorosi 1998; Ruiz-Lozano et
al. 1999), interactions are likely to be of great
importance. For example, Vierheilig et al.
(1995) and Glandorf et al. (1997) reported
negative effects on colonisation of tobacco
roots by Glomus mosseae in plants constitu-
tively expressing B-1,3-glucanase, while con-
stitutive expression of several other PR-pro-
teins did not affect colonisation by this mycor-
rhizal fungus. Ruiz-Lozano et al. (1999) inves-
tigated early events in mycorrhiza and nodule
establishment and reported the induction of
seven defence-related genes. Mycorrhizal
fungi and nodulating bacteria have to over-
come these defence responses, and strains
and species are likely to differ in their ability to
suppress or neutralise their hosts’ defences,
leading to a large variability in the outcome of
these interactions. More research is required,
using both physiological methods and ecolog-
ically realistic study systems, into the relative
importance of the different possible .interac-
tions between plant defence against patho-
genic microorganisms and plant mutualisms
with other microorganisms.

Trade-offs with IRH

The contradictory evidence concerning trade-
offs and cross-resistances between ISR and
induced herbivore resistance (see above, and
recent reviews by Bostock 1999; Stout & Bo-
stock 1999; Stout et al. 1999; Bostock et al.
2001) makes any general statement impossi-
ble at present, and no general answer may
even exist. This problem clearly requires fur-
ther research on many different study sys-
tems. From the current knowledge it can just
be stated that the former idea of two main
pathways, one leading to herbivore resistance
(the JA-mediated octadecanoid signalling
cascade) and the other one leading to
pathogen resistance (the SA-dependent ISR
pathway) is over-simplified. Several recent
studies have tried to find new, integrating de-
scriptions (Bostock 1999; Genoud & Métraux
1999; Pieterse & Van Loon 1999; Bostock et
al. 2001; Genoud et al. 2001; Thomma et al.
2001), but there is still no generally accepted
model. Separating the ‘elicitation leve!’ from
the ‘signalling’ level and the ‘production’ level
(i.e. gene expression leading to the synthesis
of resistance compounds), and assuming in-
dependent interactions at all three levels, al-

lows us to integrate most published data
within one unifying framework (M. Heil & R.M.
Bostock, unpubl. data); however, further stud-
ies are required to test the applicability of this
model. While molecular work on interactions
between the signalling pathways is proceed-
ing rapidly, ecological studies are urgently
needed to establish the significance of these
processes for plant fitness in natural situa-
tions where plants are vulnerable to attack by
many different enemies.

Interactions with further trophic levels

Chemical compounds which have apparently
evolved as defences are not always effective
in protecting a plant from attack. Several spe-
cialised insect herbivores are known to use
defensive chemicals for host plant detection
or nutrition, and some can even incorporate
defensive compounds to use them for their
own protection from predators and parasitoids
(Boethel & Eikenbary 1986) or entomopatho-
gens (Hoover et al. 1998). In this way, defen-
sive compounds may also affect organisms at
higher trophic levels. The situation can be
complicated if the physiological effects of de-
fensive compounds are non-linear. Such
dose-dependent effects are well known for in-
sects on plants. For example, in studies using
transgenic tobacco plants which over-express
proteinase inhibitor activity, it was shown that
a compound having detrimental effects on in-
sects and preventing further insect feeding
when produced at one intensity can improve
larval performance when expressed at lower
levels (de Leo et al. 1998). it seems very
probable that similar non-linear responses
also occur with ISR.

ISR as a promising field
for ecological research

Pathogen pressure under
natural conditions

The role of plant pathogens in natural plant
populations has been studied much less than
in agricultural crops. The existing studies pre-
sent very different pictures of the importance
of pathogens. Garcia-Guzman & Dirzo (2001)
investigated severity of pathogen infection in
a natural tropical rainforest, along with the po-
tential importance of different infection path-
ways. They reported generally low levels of

- pathogen damage: in only 2% of the sample
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species was >12% of the leaf surface visibly
affected by fungi attack. Some 70% of the
species had damage levels <6%, and about
half of these were not visibly damaged by
fungi at all. The authors observed no evi-
dence of bacterial infections or damage
caused by viruses. These results might be in-
terpreted either as demonstrating low
pathogen pressure or an effective resistance.
However, only 1.4% of the leaves were dam-
aged by fungi alone (i.e. not also damaged by
herbivores), and experimental inoculation in
the absence of simulated herbivory failed in
nearly all cases (Garcia-Guzman & Dirzo
2001). This finding leads to the interpretation
that pathogen pressure on intact plants was
indeed low in the investigated system.

In contrast, other studies have reported
that pathogens destroy more leaf area than
herbivores (Marquis et al. 2001). Roy et al.
{(2001) found up to 100% of the plants investi-
gated to be infected by pathogens, though
they could find no indication of negative fit-
ness effects of pathogen infection. These dif-
ferent outcomes might result in part from the
different methods employed; whereas some
studies have attempted to measure the leaf
area damaged by pathogens (e.g. Garcia-
Guzman & Dirzo 2001; Marquis et al. 2001),
other studies report only the presence or ab-
sence of pathogen infection (e.g. Roy et al.
2001). However, a considerable part of the
differences between studies on pathogen in-
fection under natural conditions (see refer-
ences in Roy et al. 2001 for further examples)
probably refiects differences between natural
ecosystems. Much more work is required to
obtain a realistic picture of the importance of
pathogen attack in natural ecosystems. Fu-
ture studies should include not only quantita-
tive measurements of infection such as those
presented by Garcia-Guzman & Dirzo (2001),
but also experimental work on the effects of
infection on plant fitness. Total lifetime repro-
duction is the most desirable measure of plant
fitness and could be estimated as total seed
production in the case of annual plants and by
measuring growth rates and annuai fruit or
seed set for longer living plant species.

Natural occurrence of ISR

A wide range of ISR elicitors, both biotic and
abiotic, occur in nature (see above). This
prompts the question of whether any plant
can exist under natural conditions without

being induced — at least to some degree — by
the action of some ISR elicitor or other (Heil
1999). Another question which arises is: how
important is ISR as compared to other resis-
tance mechanisms?

To answer these questions, ISR could be
detected both by molecular and/or biochemi-
cal and by ‘biological’ methods. Molecular ISR
markers are widely used for monocotyle-
donous and dicotyledonous plants belonging
to different families. They are likely to respond
to gene products expressed in other, related
species as well. Methods based on the quan-
tification of enzymatic activity of, e.g. chiti-
nases (e.g. Boller 1992) are independent of
the molecular structure of the enzymes. Thus,
they are suitable for investigations in species
or genera for which established molecular
markers are not likely to give a reliable re-
sponse. Measurements of chitinase activity
can even be conducted under field conditions
(Heil et al. 1999, 2000b) and thus are a
promising tool for first screenings of ISR-re-
lated responses in natural ecosystems. With
these methods, levels of ISR-related traits in
plants growing under natural conditions could
be compared with conspecifics grown under
sterile conditions (in order to provide a zero-
control for the ‘uninduced stage’) and with
plants experimentally challenged by wound-
ing or inoculation. These data would help to
answer the question whether, and to which
degree, plants growing under natural condi-
tions are already in the induced stage. ‘Bio-
logical’ studies (comparing the phenotypically
expressed resistance against pathogens in
response to different experimental treatments
such as wounding or pathogen inoculation)
are another tool that could be easily con-
ducted under field conditions. These studies
would allow to detect whether and to which
degree different plants can be (further?) in-
duced when growing under natural condi-
tions.

ISR in general is believed to be ubiquitous,
sin¢e it has been described in monocotyle-
donous as well as in dicotyledonous plants.
Therefore, the signalling pathway is assumed
to be phylogenetically ‘old’ and highly con-
served. However, while representing some
taxonomic diversity, the species investigated
so far exhibit a much lower diversity with re-
spect to their ecological behaviour. Research
has been conducted mainly on crop plants
and Arabidopsis (see overviews in Schneider
et al. 1996 and Sticher et al. 1997). The wild
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ancestors of most of these species exhibit the
same main life history traits, being fast grow-
ing annuals that occur typically on nutrient-
rich soils in unshaded habitats. Much less evi-
dence exists for long-lived plants or for plants
growing under resource-poor conditions.
Comparative studies involving plants from dif-
ferent taxonomic groups, different ecosys-
tems, and exhibiting different life strategies,
would help to prove whether ISR is indeed as
widespread as appearing from the current lit-
erature, or whether it rather represents a
strategy evolved mainly by one functional
group of plant species growing under specific
ecological conditions and thus facing the
same selective forces.

Natural pathogen infection and
practical use of ISR

Theoretical considerations lead to the expec-
tation that induced resistance should be
favoured over constitutive strategies only
under conditions of low and unpredictable
enemy pressure (Agrawal & Karban 1999;
Jaremo et al. 1999; Tollrian & Harvell 1999;
and literature cited therein). This situation
does clearly not apply to agricultural systems
which in general are characterised by large
monospecific stands of genetically similar
plants suffering quite often from a strong
pathogen pressure. A strong pathogen pres-
sure affecting otherwise intact plants — as it is
observed regularly in crop populations —
might be an artificial situation resulting from,
e.g. reduced resistance of cultivated plants
and genetic uniformity, rather than being a
natural phenomenon. More research on
pathogen infection rates and ISR under natu-
ral conditions would help to figure out whether
the assumptions and predictions formulated
by Agrawal & Karban (1999), Jiremo et al.
(1999) or Tollrian & Harvell (1999) can be ap-
plied successfully to this resistance form.

This knowledge would not only be of eco-
logical and evolutionary interest, but would
allow to estimate the chances to use ISR as
plant protection tool in agriculture. ISR might
be less effective in systems that suffer from a
high, predictable pathogen pressure than in
natural systems characterised by low and un-
predictable intensities of pathogen attacks.
On the other hand, many annual plants tend
to grow in comparably large and nearly
monospecific populations, thus resembling
the agricultural situation much closer than the

species-rich ‘mature’ ecosystem investigated
by Garcia-Guzmdn & Dirzo (2001). If ISR
turns out to be an effective strategy especially
in these plant populations (which might be in-
deed the case according to the large number
of fast growing annuals which exhibit ISR, see
above), this would be in contrast to the evolu-
tionary concerns mentioned above, but would
strongly improve its value for applied plant
protection. Comparative studies thus should
not remain restricted to different plant
species, but should be extended to the com-
parison of different plant populations and
ecosystems as well. The paper by Garcia-
Guzman & Dirzo (2001) provides a good ex-
ample how this work could be done even
under difficult field conditions.

Conclusions

Though the physiological and molecular un-
derstanding of processes leading to induced
systemic resistance has increased impres-
sively during the last decades, many ques-
tions are still open. How widespread and how
important is ISR in plants belonging to differ-
ent taxonomic and ecological groups? Does it
provide relevant selective advantages under
natural conditions? — Given the many poten-
tial interactions with different mutualistic and
antagonistic plant-pathogen and plant-herbi-
vore interactions, the fitness-relevant net out-
come of ISR in natural ecosystems might dif-
fer strongly from that as estimated by labora-
tory or agricultural field experiments con-
ducted under more or less controlled condi-
tions and using over-simplified study systems.
Physiological and ecological costs along with
other constraints that might have played a
role in the evolution of an induced instead of a
constitutive resistance are not yet quantified
or even not detected at all. Phylogenetic stud-
ies on ISR (comparable to that presented by
Thaler & Karban 1997 on induced and consti-
tutive mite resistance of several Gossypium
species) are missing as well. Therefore, the
evolution of ISR is not understood thus far.
For example, Thaler & Karban (1997) demon-
strated for the investigated study system that
being inducible represents a derived form of
defence, and that this can change rapidly dur-
ing evolution, thus adding a further level of
evolutionary plasticity to the phenotypic plas-
ticity achieved by inducible resistance traits.
Comparable data on induced pathogen resis-
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tance are obviously missing.

Concerning the agricultural use of ISR, the
potential impact of ecological research on this
phenomenon goes beyond its meaning for a
better ecological and evolutionary understand-
ing of induced pathogen resistance. When ISR
is to be used in crop protection by either chem-
ical elicitation or transforming plants to exhibit
stronger or faster ISR, or to express ISR com-
pounds constitutively, possible problems aris-
ing from allocation costs of ISR (which can
translate to yield losses under certain growing
conditions) or ecological costs (negative ef-
fects on, e.g. mutualistic microbes or insects)
must be taken into account and require careful
investigation. Research on ecologically realis-
tic study systems and ecologically intended re-
search in the agricultural systems thus is
needed to obtain a reliable risk assessment of
this new, ‘integrative’ tool in plant protection.
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