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Metal hyperaccumulating plants are able to accumulate exceptionally high concentrations
of metals, such as zinc, nickel, or cadmium, in their aerial tissues. These metals reach
concentrations that would be toxic to most other plant species. This trait has evolved
multiple times independently in the plant kingdom. Recent studies have provided new
insight into the ecological and evolutionary significance of this trait, by showing that some
metal hyperaccumulating plants can use high concentrations of accumulated metals to
defend themselves against attack by pathogenic microorganisms and herbivores. Here, we
review the evidence that metal hyperaccumulation acts as a defensive trait in plants, with
particular emphasis on plant—pathogen interactions. We discuss the mechanisms by which
defense against pathogens might have driven the evolution of metal hyperaccumulation,
including the interaction of this trait with other forms of defense. In particular, we consider
how physiological adaptations and fitness costs associated with metal hyperaccumulation
could have resulted in trade-offs between metal hyperaccumulation and other defenses.
Drawing on current understanding of the population ecology of metal hyperaccumulator
plants, we consider the conditions that might have been necessary for metal hyperaccu-
mulation to be selected as a defensive trait, and discuss the likelihood that these were
fulfilled. Based on these conditions, we propose a possible scenario for the evolution
of metal hyperaccumulation, in which selective pressure for resistance to pathogens or
herbivores, combined with gene flow from non-metallicolous populations, increases the
likelihood that the metal hyperaccumulating trait becomes established in plant populations.
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INTRODUCTION

Metal hyperaccumulating plants are relatively unusual plants,
defined as those which take up and store exceptionally high con-
centrations of metal in their aerial tissues, under natural field
conditions (Jaffré etal., 1976; Brooks etal., 1977; Baker and
Brooks, 1989; Pollard, 2000; Reeves and Baker, 2000). These con-
centrations are indeed remarkable (Kiipper etal., 1999; Assuncao
etal., 2003a), and greatly exceed the usual thresholds for toxicity
by the metals concerned (Assuncao etal.,, 2003a). As an example,
Noccaea caerulescens (formerly Thilaspi caerulescens), a member
of the Brassicaceae, can accumulate up to 25,000-30,000 pg/g
zinc and over 1,300 pg/g cadmium (Brown etal., 1995). This
ability is associated with a number of physiological adaptations,
including enhanced uptake, translocation, sequestration, and tol-
erance of toxic metal ions (Kiipper etal., 1999; Schwartz etal.,
1999; Lasat et al., 1996, 2000; Whiting et al., 2000; Assuncao et al.,
2001; Lombi et al., 2001; Haines, 2002; Pollard etal., 2002; Ham-
mond etal,, 2006; Krimer, 2010). Notably, hyperaccumulators
require mechanisms for neutralizing metal-induced reactive oxy-
gen species (ROS), and have been shown to produce antioxidants
and ROS-scavenging enzymes at higher levels than related non-
accumulators (Boominathan and Doran, 2003; Freeman etal.,
2004; Wojcik et al., 2006; Sun et al., 2007; Jin et al., 2008).

These adaptations are not without consequences: some metal
hyperaccumulators show, for example, increased basal require-
ments for the accumulated metal (Kriamer etal., 1996; Shen etal.,
1997; Kipper etal., 1999, 2001). Studies have also indicated that
plants that show metal hypertolerance have reduced fitness when
grown on soil with low-metal concentrations (McNeilly, 1968).
High levels of metal tolerance are, of course, a prerequisite for
metal hyperaccumulation. Many hyperaccumulators are, in fact,
edaphic endemics, restricted to soils which, either naturally or as a
result of human activities, are rich in metals (Kiipper etal., 1999).
On these metalliferous soils, most plants survive by metal exclusion
(Kramer, 2000; Utmazian etal., 2007); that hyperaccumulation
is an unusual strategy even in these environments (Barcelé and
Poschenrieder, 2003) perhaps illustrates the non-trivial nature
of the adaptation required. Despite this, hyperaccumulation is
believed to have arisen several times independently (Mummenhoff
etal., 1997; Koch and Mummenhoft, 2001; Pepper and Norwood,
2001; Broadley et al., 2007), and is widely distributed among mod-
ern plant families and genera (Kiipper et al., 1999; Salt and Kramer,
2000; Ma etal., 2001). It is, perhaps, of interest to note that the
hyperaccumulation phenotype seems to arise more readily in some
plant families than others; in particular, the Brassicaceae family is
thought to include around 25% of all hyperaccumulator species
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(Baker and Brooks, 1989; Brooks, 1998; Rascio and Navari-Izzo,
2011), representing a number of independent origins of this trait
(Mengoni etal., 2003). It could be speculated that this pattern
reflects differences in physiology, metal uptake mechanisms, or
population structure between plant families with more, or less
hyperaccumulators, which may themselves be informative when
considering the evolution of the trait.

A number of hypotheses have been proposed to explain the evo-
lution of the hyperaccumulation trait (Boyd and Martens, 1992;
Boyd etal., 1994; Poschenrieder etal., 2006). Of these, the the-
ory that accumulated metal provides a defense against herbivores
or pathogens, termed the “defense hypothesis,” first proposed by
Boyd and Martens (1992) has received most attention and sup-
port (Boyd, 2007; Vesk and Reichman, 2009). Here, we review
the evidence that metal provides a defense against pathogens,
and consider whether selection for metal-dependent defenses
could provide a plausible explanation for the evolution of this
trait.

THE EVIDENCE FOR THE DEFENSE HYPOTHESIS
Poschenrieder etal. (2006) discuss a number of mechanisms by
which metals could protect plants. The simplest is the “elemental
defense hypothesis,” which proposes that hyperaccumulated met-
als deter or kill herbivores or pathogens by direct toxicity. There is
some evidence for such a defensive effect. Examples include deter-
rence of slugs, locusts, and caterpillars by zinc and of thrips by
cadmium in N. caerulescens (Pollard and Baker, 1997; Behmer
etal., 2005; Jiang etal., 2005); of aphids by selenium in Bras-
sica juncea (Hanson etal., 2004); of grasshoppers by arsenic in
Pteris vittata (Rathinasabapathi et al., 2007) and of slugs by nickel
in Streptanthus polygaloides (Boyd and Jhee, 2005). Interestingly,
recent work by Cheruiyotetal. (2013) uncovered increases in larval
mortality and decreased larval growth in non-choice feeding trials
using cobalt, nickel, zinc, and copper at concentrations at and even
below those associated with metal hyperaccumulators. As well as
extending the potential range of plants protected by metals, these
findings suggest that the evolution of metal-based defenses might
have been facilitated by the efficacy of low-concentration metal
defenses.

There have been two recent systematic reviews of research test-
ing the defense hypothesis. A Bayesian meta-analysis concluded
that metal hyperaccumulation provides a genuine protective effect
against herbivory, but that this is dependent upon herbivore feed-
ing mode (Vesk and Reichman, 2009), as previously seen by Jhee
etal. (2005). The second of these reviews lists 72 tests in 34 sep-
arate studies, including studies of defense against pathogens. Of
these studies, 44 support the defense hypothesis, while only four
found evidence against it (Boyd, 2007). The interpretation of
evidence for or against the elemental defense hypothesis is com-
plicated by the fact that many studies have relied on correlative
rather than direct evidence. Moreover, there may be additional
attributes of hyperaccumulator plants that influence their interac-
tions with herbivores, and these attributes may be independent of
metal hyperaccumulation or may co-vary with either the capacity
for metal accumulation and tolerance or with exposure to metal.
For example, a field test by Noret etal. (2007) failed to find any
evidence that metal hyperaccumulation protects N. caerulescens

from herbivory. Instead, these authors reported that glucosinolate
content had a more profound effect upon preference than zinc,
regardless of zinc concentration (Noret etal., 2005, 2007), and
concluded that herbivory is unlikely to have driven the evolution
of zinc hyperaccumulation in this plant. As noted above, feed-
ing modes influence the extent to which specific herbivores are
exposed to metal-based defenses, and in field trials increased metal
tolerance in locally adapted herbivores may counteract defensive
effects. There is also intriguing evidence that some herbivores may
be able to employ the metals in their own defense (e.g., Freeman
etal., 2009).

The case for elemental defense against herbivores is thus com-
plex. Hyperaccumulated metal appears to function as a defense
under some circumstances, although to prove this does not equate
to proof that defense-related functionality drove the evolution of
the trait. Similarly, the existence of herbivores that are exposed to,
but apparently insensitive to accumulated metal during feeding
could reflect the co-evolution of herbivores and metal hyperaccu-
mulating plants rather than their ancestral state. Furthermore,
herbivores are not the only form of biotic stress that plants
are subject to, and the forces that drove the evolution of metal
hyperaccumulation may also have their origins in defense against
pathogens, as well as in defense against herbivores.

There have been, however, relatively few studies of elemental
defense against pathogens. One of these reported increased sus-
ceptibility of a nickel hyperaccumulator to turnip mosaic virus
(Davis and Boyd, 2000). However, four other studies provide sup-
port for the idea of elemental defense against pathogens: nickel
was shown to protect S. polygaloides against the bacterium Xan-
thomonas campestris and the fungus Alternaria brassicicola (Boyd
etal., 1994) and Alyssum species against oomycete pathogens of
the genus Pythium (Ghaderian etal., 2000), while selenium pro-
tected B. juncea against Alternaria brassicicola and a pathogenic
species of the fungus, Fusarium, isolated from the rhizosphere
of a non-accumulating Brassica growing on selenium-rich soil
(Hanson etal., 2003). Each of these experiments were carried
out under controlled laboratory conditions, and compared the
growth of the pathogen on plants grown on soil or sand sup-
plemented with metals to its growth on control plants grown
without supplementary metal. Biotrophic fungi were applied as
spores or spore suspensions (Boyd etal., 1994; Hanson etal,
2003), while necrotrophic fungi and bacteria were applied via
wound inoculation (Boyd etal., 1994) and Pythium via inocula-
tion of the growth substrate with an infected seed (Ghaderian et al.,
2000). These methods mimic, as far as possible, natural infection
processes.

As with herbivores, differences in the efficacy of metal-based
defenses may be due, in part, to the pathogen’s mode of infec-
tion, as the level of metal exposure encountered will be dependent
upon the location of the pathogen within the leaf, and whether
or not plant cells are disrupted during the infection process, lead-
ing to release of metals stored in the vacuole (Figure 1). In most
cases, the vacuole of epidermal cells is the primary site of metal
hyperaccumulation, where metals may be complexed with amino
acids, organic acids, or specialized molecules such as metalloth-
ioneins (Kiipper etal., 1999; Broadley etal., 2007). Necrotrophic
pathogens that lyse plant cells may therefore be exposed to
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FIGURE 1 | Effect of pathogen infection mode upon exposure to
metal-based and other defenses. Metal concentrations vary within the
leaf and also within the cell. Higher metal concentrations are depicted by
darker gray shades. (1) Biotrophic bacterial pathogens (e.g., Pseudomonas
syringae) are exposed to apoplastic metals, the concentration of which may
be high enough to prevent or retard growth. (2) Intracellular pathogens,
including viruses (e.g., Turnip Mosaic Virus), are exposed only to
cytoplasmic metals, the concentration of which is kept at a minimum to
protect the plant. (3) Biotrophic fungi (e.g., Erysiphe spp.) are exposed to
cytoplasmic and apoplastic metals. (4,5) Necrotrophic pathogens, including
fungi (e.g., Alternaria spp.) and bacteria (e.g., Dickeya), are exposed to high
concentrations of metal, as their cell-wall degrading enzymes and other
mechanisms of attack lead to loss of cellular integrity and exposure to
vacuolar metals. In addition, disruption of plant cells can lead to release of
glucosinolates (blue stars) and myrosinase enzymes (yellow stars). These
are normally stored in separate cells or subcellular locations, and when
mixed toxic breakdown products are produced (blue + yellow stars).

particularly high-metal concentrations during the course of infec-
tion. The cell wall may also be a location where metals can be
bound and stored (Krimer, 2000) and it has been demonstrated
that metal hyperaccumulation in N. caerulescens results in metal
concentrations in the apoplastic space that can be sufficient to
limit the growth of apoplast-colonizing foliar pathogens, as dis-
cussed below (Fones et al.,2010). By contrast, the cytoplasm will be
maintained at alow-metal concentration to prevent the disruption
of cellular processes (e.g., Outten and O’Halloran, 2001). Viruses
such as turnip mosaic virus and other intracellular pathogens may
present a special case in which pathogen replication is limited to
the cytoplasm, where metal concentrations remain low, and where
accumulated metals may have little or no direct impact on the
replication and assembly of viral particles. However, it has been
reported that abiotic stress responses induced by metals such as
cadmium in non-hyperaccumulating plants can block viral sys-
temic movement (Citovsky et al., 1998; Ghoshroy et al., 1998; Ueki
and Citovsky, 2002).

An in-depth study of anti-pathogen defense by hyperaccumu-
lated metal was carried out by Fones etal. (2010). This work
demonstrated protection of N. caerulescens from spontaneous
infection by powdery mildew by hyperaccumulated zinc, and
protection from the bacterial pathogen Pseudomonas syringae pv.
maculicola by hyperaccumulated zinc, nickel, and cadmium in
laboratory studies. Plants were cultivated hydroponically with
defined concentrations of each of the three metals in the growth
medium, ranging in the case of zinc from minimal (0.04 wM)
to high (300 wM), which resulted in zinc accumulation levels
ranging from 0.1 g/kg dry biomass to 14 g/kg dry biomass. The
bacterial pathogen was introduced into the leaves at standard
inoculum densities by infiltration of bacterial suspensions into
the apoplastic compartment of the leaves. The authors were able
to demonstrate that direct inhibition of bacterial growth due to
metal toxicity could account for the defensive effects observed,
as metal concentrations in whole leaf and leaf apoplast extracts
from plants grown on high-metal concentrations were found
to be in excess of those needed to inhibit pathogen growth,
and Pseudomonas syringae mutants with altered zinc tolerance
showed a corresponding change in their ability to infect plants.
It is interesting that metal hyperaccumulation limited the growth
of both the apoplast-colonizing foliar pathogen Pseudomonas
syringae and haustoria-forming Erysiphe sp., as this suggests
that even a pathogen such as Erysiphe, which colonizes the leaf
surface and inserts haustorial feeding structures into epidermal
cells, is exposed to sufficient accumulated metal during germi-
nation, at penetration sites, or at the haustorial interface, to
limit fungal growth and development. Research has suggested
that the extrahaustorial matrix formed between the fungal haus-
torium and the plant cell membrane is not contiguous with
the apoplast (Hancock and Huisman, 1981; Harrison, 1999),
but further work is needed to determine whether parasites are
likely to be exposed to toxic concentrations of metal via this
compartment.

DEFENSIVE ENHANCEMENT OR JOINT EFFECTS?

Supporting evidence thus exists for the elemental defense hypothe-
sis as applied to pathogens. But the current existence of a defensive
benefit of metal hyperaccumulation is not proof that such bene-
fits originally drove the evolution of the trait. In a recent review,
Boyd (2012) has considered the question of the early evolution of
metal hyperaccumulation, proposing two models to describe pos-
sible events leading to this trait. In the “Defensive Enhancement”
model, he identifies that a threshold concentration of metal must
be reached, at which metals begin to affect plant enemies such that
the plant sustains sufficiently less damage as to offer a fitness bene-
fit. Problematically, any variation in metal concentration that does
not bring the plant to this threshold will be invisible to selection.
A number of hypotheses, including inadvertent uptake, metal tol-
erance, and drought tolerance, have been proposed which might
explain how this threshold was originally reached (Boyd, 2012).
Interestingly, as discussed above, recent findings by Cheruiyot
etal. (2013) provide evidence that this threshold for lethal or
sublethal effects appears to be lower, at least for some herbi-
vore species, than previously thought. The authors suggest that
this relatively low-threshold concentration for defensive effects
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of metals, below the concentrations used to define “hyperaccu-
mulation,” could be a starting point for the process of defensive
enhancement.

Boyd’s second, “Joint Effects” model suggests that additive or
synergistic relationships between metal accumulation and other
defenses may lower the critical threshold concentration. Above
the threshold, selection will favor plants that accumulate increas-
ing concentrations of metal, as these will sustain least damage.
Herbivores or pathogens may evolve to tolerate metals, triggering
an arms race in which ever increasing levels of metal accumula-
tion may be selected. Although Boyd concentrates his discussion
upon herbivores, the model applies equally to pathogens, which
could be considered to be good candidates to promote the evo-
lution of metal hyperaccumulation due to their short generation
times, horizontal gene transfer, and track record of rapidly acquir-
ing metal tolerance (Sundin etal., 1989; Cazorla etal., 2002; Fones
and Preston, 2012). It has been demonstrated that metal hyper-
accumulators are indeed associated with populations of bacteria
that display high tolerance for the accumulated metal (Idris etal.,
2004; Barzanti etal., 2007; Fones etal., 2010; Mengoni etal,,
2010). This supports the idea of a co-evolutionary arms race
having been involved in the development of metal hyperaccu-
mulation.

INTERACTIONS BETWEEN METAL HYPERACCUMULATION
AND OTHER DEFENSES

Thus far, it is clear that two areas require further research. Firstly,
a robust model for the initial selection of metal accumulation
at levels insufficient to give a defensive benefit is required. Fur-
ther research into possible “joint effects” of metals and organic
defenses would also be of interest. Indeed, it may be reasonable
to expect such effects, given that metals will act as plant stres-
sors, and may thus trigger abiotic stress resistance pathways that
share many features with biotic stress response pathways, including
reactive oxygen signaling, kinase cascades, and the plant hor-
mone network, with its great capacity for cross-talk (Cheong et al.,
2002a,b; Narusaka etal., 2004; Fujita etal., 2006; Chmielowska
etal., 2010). Cross-protection from disease has been reported for
various abiotic stressors including metals such as copper and cad-
mium (Citovsky et al., 1998; Mittra et al., 2004; Chmielowska et al.,
2010; Cabot etal., 2013).

Although synergistic joint effects may help to explain the early
events in the evolution of metal hyperaccumulation, an increasing
number of recent studies have also reported antagonistic inter-
actions between metals and other defense mechanisms in metal
hyperaccumulating plants. Recent work by Llugany etal. (2013)
has indicated that cadmium accumulation induces salicylic acid in
T. praecox, but diminishes the plants’ ability to induce salicylic acid
as a defense signal in response to attack by Erysiphe cruciferarum.
This suggests negative cross-talk between abiotic stress (cadmium)
and biotic stress (pathogen) responses. Work by Fones et al. (2013)
has shown that some pathogen-induced defenses such as callose
deposition and PR gene induction appear to be absent in N.
caerulescens, although the plants tested retained the ability to pro-
duce salicylic acid in response to infection. This study also showed
that the ability of Pseudomonas syringae to infect N. caerulescens
plants grown on low concentrations of zinc was dependent on a

functional type I1I secretion system (T3SS), a pathogenicity mech-
anism used by Pseudomonas syringae to disable plant defenses,
which suggests that certain defense mechanisms that are sup-
pressed by T3SS-secreted effector proteins remain functional in
this plant.

In contrast, Freeman etal. (2005) reported that the defense
signal salicylic acid and related metabolites were constitutively
elevated in the hyperaccumulator Noccaea (Thlaspi) goesingense
and N. caerulescens when compared to the non-accumulators
Arabidopsis thaliana and T. arvense, and that N. goesingense
plants failed to show induction of salicylic acid in response to
pathogen infection. One possible explanation for these observa-
tions is that constitutively high levels of metal-induced ROS and
other abiotic stress responses could result in constitutive expres-
sion of resource-expensive defense mechanisms in the absence
of pathogens, ultimately leading to selection for both enhanced
antioxidant mechanisms, and loss of induced defenses. Support-
ing this idea, Fones et al. (2013) have shown that superoxide levels
in N. caerulescens rise with zinc exposure, but not in response to
pathogens (Figure 2). Salicylic acid treatment has been reported to
alleviate cadmium toxicity and cadmium-induced oxidative stress
in non-metal hyperaccumulating plants such as barley, soybean,
and Medicago sativa (Metwally et al., 2003; Drazic and Mihailovic,
2005; Cui etal., 2012). This could help to account for the high lev-
els of salicylic acid reported by Freeman etal. (2005), and would
be compatible with a joint effect of metal and other defenses in the
early stages of the evolution of hyperaccumulation (Fones etal.,
2013).

These examples of antagonism between metal-based and other
defenses suggest that potential costs involved in metal hyperac-
cumulation, discussed above, could lead to trade-offs at key loci
where native, locally adapted alleles show a fitness advantage rel-
ative to foreign alleles (antagonistic pleiotropy), which would
in turn reduce fitness of locally adapted populations in foreign
habitats, reinforcing local adaptation (Kawecki and Ebert, 2004;
Mitchell-Olds etal., 2007). Indeed, Dechamps etal. (2007) found
that life-history traits in metal hyperaccumulators may be influ-
enced by the metal content of the soil in which they grow, and
that ecotypes of N. caerulescens native to highly metalliferous soils
suffered reduced survivorship and seed set when transplanted to
non-metalliferous sites, due to higher levels of herbivory at these
sites (Dechamps etal., 2008). This is suggestive of possible local
adaptation of defense responses to the conditions encountered on
metalliferous soils (Dechamps etal., 2008). Similarly, it has been
proposed that metal hyperaccumulators respond to the metabolic
costs of hyperaccumulation by reducing their metabolic rate com-
pared to non-accumulator species; this could limit their energy
expenditure but could also limit their growth rate, potentially lim-
iting their competitiveness with non-accumulators (Maestri et al.,
2010).

If trade-offs between metal-dependent and organic defenses
exist, it is conceivable that they may arise in a reciprocal fashion,
as deployment of the non-metal based defenses that comprise the
plant immune system also involves considerable fitness costs for
plants (Bergelson and Purrington, 1996; Bergelson etal., 2001;
Brown, 2003). Although mechanisms conferring resistance are
beneficial if the corresponding pathogen is present, they can be
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FIGURE 2 | Metal, reactive oxygen, and plant defense. Schematic
diagram showing potential interactions between metal hyperaccumulation
and reactive oxygen species (ROS) signaling in plant defense. Both the
detection of microbe associated molecular patterns (MAMPs) and the
presence of high-metal concentrations can induce ROS. In the case of
metals, this is usually a toxic effect, whereas in the case of MAMP
detection, ROS have a signaling role. Pathogens have evolved effectors that
can block ROS-based defense signaling and its effects, downstream
defenses such as callose deposition, and the expression of PR-genes. The
presence of high-metal concentrations, on the other hand, can lead to the
induction, or in the longer term, the evolution of high basal levels of
antioxidants which protect the plant from metal-induced ROS. These,
however, may also dampen or absorb the ROS burst generated in
defensive signaling in response to MAMPs, making metal tolerance and
the MAMP response potentially antagonistic, and rendering the plant
increasingly reliant on other forms of defense.

deleterious in the absence of the pathogen. It has, for instance,
been shown that resistance-related genes such as the MLA genes
in barley, or defense-related proteases in tomato, are constitu-
tively expressed at very low levels in the plant in the absence of
pathogen exposure, but are strongly induced during infection
(Caldo etal., 2006; Shabab etal., 2008), suggesting that consti-
tutive, strong expression of these proteins results in a reduction of
fitness. To date, numerous studies have investigated costs related
to metabolism or expression of resistance alleles in host—pathogen
interactions, with inconclusive results: some studies have been able
to demonstrate such costs experimentally (e.g., Tian etal., 2003;
reviewed in Bergelson and Purrington, 1996), while others have
not (reviewed in Bergelson and Purrington, 1996; Brown, 2003).
However, there is stronger empirical evidence for fitness costs asso-
ciated with induction of those defenses involving, for example,
jasmonic acid or salicylic acid, especially in response to herbivores
(e.g., Heil and Baldwin, 2002; Cipolloni et al., 2004; Cipollini and
Heil, 2010). Defense-related costs do not only occur in relation
to disease resistance; they have also been suggested in the context
of secondary metabolism as a counter-defense against herbivores
(Stamp, 2003). It has, for example, been shown that glucosino-
late production in Arabidopsis thaliana incurs a significant growth

cost (Paul-Victor etal., 2010) and demands increased allocation
of photosynthetic energy (Bekaert etal., 2012). However, studies
addressing potential trade-offs between metal hyperaccumulation
and expression of organic defenses have so far yielded controver-
sial results (Davis and Boyd, 2000; Tolra etal., 2001; Jhee etal.,
2006).

It seems improbable that the hyperaccumulation trait, requir-
ing, as it does, complex physiological adaptation (reviewed in
DalCorso etal., 2013) would evolve in complementation of pre-
viously existing, costly defense mechanisms. However, given that
certain innate defense mechanisms appear to have been dispens-
able when hyperaccumulators have had access to metals (e.g.,
Noret etal., 2007; Fones etal., 2013), it is possible that the costs
imposed by the acquisition of adaptations for metal hyperac-
cumulation may have been outweighed by a reduction in the
costs imposed by innate defense systems, coupled with the ben-
efits of redeploying defense-related processes to increase metal
tolerance.

THE IMPACT OF POPULATION STRUCTURE ON THE
EVOLUTION OF “ELEMENTAL" DEFENSE MECHANISMS IN
PLANTS

As shown, for example, by the contrasting results reported for
salicylic acid synthesis in metal hyperaccumulating plants by Free-
man et al. (2005) and Fones et al. (2013), described above, different
species, and different populations of the same species, appear to
have diverged with respect to the interactions of metal hyperac-
cumulation with other defensive traits. This might, perhaps, be
a result of local adaptation to particular suites of metal, herbi-
vore and pathogen threats. Local adaptation is not only promoted
by local, ecological factors, but also influenced by the population
structure and population dynamics of a given species. An impor-
tant direction for future studies will therefore be to explore the
mechanistic and ecological basis of this divergence in an integra-
tive manner. In the remainder of this review we discuss how such
factors may have shaped the evolution of defensive traits in metal
hyperaccumulating plants, with particular reference to the model
metal hyperaccumulator N. caerulescens, which provides a useful
framework for discussing this question.

Noccaea caerulescens has been subject to numerous studies on
the physiology, genetics, ecology, and evolution of the metal hyper-
accumulation trait (reviewed, for example, in Peer etal., 2006;
Kriamer, 2010; Maestri et al., 2010; Hanikenne and Nouet, 2011).
It exhibits a wide geographical distribution in Europe, from Scan-
dinavia to the Mediterranean and from Eastern Europe through
to the Pyrenées (Tutin etal., 1993; Koch etal., 1998) and is a
facultative metallophyte, able to grow on non-metalliferous as
well as metalliferous soils (Escarré etal., 2000). N. caerulescens
occurs in fragmented populations of varying sizes and densi-
ties (Koch etal., 1998; Dubois etal., 2003). Gene flow between
and among populations of the different edaphic types is gener-
ally limited and inbreeding coefficients within populations are
high (Jiménez-Ambriz etal., 2007; Besnard etal., 2009). These
attributes support the hypothesis that N. caerulescens populations
are likely to exhibit local adaptation, both to soil metal con-
centrations and to the prevailing pests and pathogens in their
environments.
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Numerous independent studies provide evidence for between
population variation regarding metal hyperaccumulation and
tolerance, which can be correlated to the local soil metal concen-
tration (e.g., Meerts and Van Isacker, 1997; Escarré etal., 2000;
Assuncao etal., 2003b; Dechamps etal., 2007, 2008; Jiménez-
Ambriz etal., 2007; Richau and Schat, 2009; Craciun etal., 2012).
The work of Dechamps etal. (2008), described above, demon-
strated local adaptation of metallicolous populations to their
native, metalliferous environment, while suggesting that non-
metallicolous populations are not as strongly locally adapted.
Other studies aiming to assess genetic signatures of adaptation
have suggested that patterns of genetic diversity observed at metal-
related candidate loci in Swiss N. caerulescens populations are
caused by local adaptation to soil conditions (Basic etal., 2006;
Besnard etal., 2009).

Noccaea caerulescens is self-compatible, but is also capable of
allogamous reproduction (Riley, 1956). It has been hypothesized

that metal tolerant ecotypes should be more self-fertile than their
non-tolerant relatives, to reduce gene flow from non-adapted
populations (Antonovics, 1968) or to promote reproduction dur-
ing colonization of strongly selective metalliferous habitats when
population density is low (Lefebvre, 1970). Recent findings in N.
caerulescens, however, do not support these hypotheses. Dubois
etal. (2003) found that metallicolous populations from Belgium,
Luxembourg, and France appear to be less self-fertile than neigh-
boring, non-metallicolous populations. However, in these regions,
it is in fact the non-metallicolous populations of N. caerulescens
which exhibit the small, low density populations which might be
expected to promote the evolution of high self-fertility (Dubois
etal., 2003; Pujol etal., 2009).

Population size and mating system have large effects on the
diversity and adaptive potential within a population or species.
In general, small census population sizes, along with high
selfing rates, result in a small effective population size. In such

metalliferous patch

Scenario A - in the absence of parasites

recolonization e.g. via seed dispersal

non-metalliferous patch

Scenario B - in the presence of parasites

| with or without gene flow |

with gene flow

strong selective p

G g
)

1
2 1
£ I
=i
1
1
1
extinction of metallicolous population selective of metal hy lation as a defi trait,
due to drift and high genetic load \ temporary establishment of metallicolous population j
level of gene flow influences genetic diversity and genetic load
b
extinction of metallicolous population establishment of metallicolous population
\ due to drift and high genetic load due to low genetic load and selection outweighing driﬂj

FIGURE 3 | Schematic representation of a possible scenario for the
evolution of metal hyperaccumulation in N. caerulescens with respect
to the “elemental defense” hypothesis. A simplified example of a
metapopulation with recolonization and extinction is assumed (Pannell and
Charlesworth, 2000). A metalliferous patch (gray) is colonized, for example,
via seed dispersal from a non-metalliferous patch (brown). Scenario A —in
the absence of parasites (pathogens and herbivores): assuming a small
population size of the newly founded metallicolous population, drift is the
main evolutionary force. The hypertolerance/accumulation trait can be rapidly
lost, and, therefore, the metallicolous population can become extinct.
Scenario B - in the presence of parasites: two possible outcomes may arise,
depending on the level of gene flow between metalliferous and

non-metalliferous patches, when pathogens (red oval shapes) and/or
herbivores (represented by caterpillars) impose strong selective pressure.
Left-hand side: in the absence of gene flow between populations, following
the action of natural selection and genetic drift in the new, small,
metallicolous population, the accumulation of deleterious mutations, and
inbreeding depression may increase the risk of extinction. Right-hand side:
under recurrent gene flow between populations, the metal accumulating
population can become established, because selection for metal
accumulation as a defense mechanism can outweigh genetic drift. In
addition, gene flow from non-metallicolous populations attenuates the
effects of inbreeding depression and genetic load, increasing the likelihood
of the survival of the population.
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populations, natural selection is ineffective unless selection is
very strong, because genetic drift can rapidly remove genetic
diversity (Charlesworth etal., 1997). This is, indeed, reflected
by the genetic diversity observed in Swiss N. caerulescens pop-
ulations, where a small, non-metallicolous population shows
decreased diversity compared to larger, metallicolous popula-
tions (Besnard etal., 2009). Overall, the population structure
observed in N. caerulescens might facilitate adaptive processes
in metallicolous populations where selection might be more
effective.

Naturally, it cannot be assumed that N. caerulescens is represen-
tative of all other metal hyperaccumulator species. Nevertheless,
striking similarities between N. caerulescens and other model
hyperaccumulators, such as Arabidopsis halleri, regarding mat-
ters as diverse as their population structure (e.g., Pauwels etal.,
2008) and the duplication of the HMA4 metal transporter gene
(Hanikenne etal., 2008; O Lochlainn etal., 2011), along with the
vast amount of information collected, make this species an appro-
priate example of the ways in which natural diversity in hyperaccu-
mulation, hypertolerance and defense traits, as well as population
structure, may influence the evolution of the metal hyperaccumu-
lation trait. From the rarity of the hyperaccumulation phenotype,
it can be assumed that the non-metallicolous state is ancestral
(Rascio and Navari-Izzo, 2011), and as discussed above, current
evidence suggests that present-day, non-metallicolous populations
show low adaptive potential. Assuming a similar ancestral pop-
ulation structure, how then could metal accumulation evolve?
Two criteria must be met (Figure 3). Firstly, the selective pres-
sure driving a population toward metal hyperaccumulation must
be strong enough to outweigh genetic drift (Charlesworth etal.,
1997). Secondly, there must be sufficient gene flow between
neighboring metallicolous and non-metallicolous populations to
attenuate the effects of inbreeding depression and genetic load
and to ensure the spread of new advantageous alleles between
different patches (Pannell and Charlesworth, 2000). The selec-
tive pressure imposed by pathogens or herbivores is certainly one
of the few strong enough to outweigh drift in small populations
(Pieterse and Dicke, 2007; Brown and Tellier, 2011). Moreover,
in spite of evidence of limited gene flow between populations
of N. caerulescens in Switzerland and France (Jiménez-Ambriz
etal., 2007; Besnard et al., 2009), there is evidence that alleles are
indeed exchanged between metallicolous and non-metallicolous
populations. Dubois etal. (2003) investigated allozyme variation
among seven metallicolous and seven non-metallicolous popula-
tions in France, Belgium, and Luxembourg, discovering that Fsr
(index of fixation) values were high among populations within

REFERENCES

Antonovics, J. (1968).
closely adjacent plant populations.
V. Evolution of self-fertility. Hered-
ity 23, 219-238. doi: 10.1038/hdy.
1968.30

the metal hyperaccumulator Thlaspi
caerulescens.  Plant Cell Environ.
24, 217-226. doi: 10.1111/j.1365-
3040.2001.00666.x

Assungdo, A., Schol, H., and Aarts,
M. (2003a). Thlaspi caerulescens,
an attractive model

Evolution in

edaphic types, but not among populations between types, indicat-
ing recent divergence and/or ongoing gene flow between edaphic
types. Therefore, it is possible that both the criterion of high
selective pressure and that of gene flow between population types
can be reasonably hypothesized for ancestral populations of N.
caerulescens. Given these conditions, it is conceivable that the evo-
lution of metal hyperaccumulation was driven by the ability of
the accumulated metal to provide a defense against pathogens,
as would have been the case under the elemental defense
hypothesis.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In conclusion, there is currently compelling evidence that hyper-
accumulated metals can provide an elemental defense against at
least some types of herbivores and pathogens. There is also evi-
dence that, in the course of evolution of the hyperaccumulator
phenotype, both synergistic interactions and trade-offs may have
occurred between metal-based and other defenses, such as sali-
cylic acid and ROS signaling. Although it is easy to understand
how present-day plants may derive a fitness benefit from the
outcome of these trade-offs, particularly in interactions with non-
locally adapted pathogens and herbivores, it is less clear how plants
reached the threshold metal accumulation level which allows this.
Recent work has suggested that the threshold at which metal hyper-
accumulation contributes to defense may be lower than expected,
possibly through joint effects between metal hyperaccumulation
and other traits. Furthermore, it is possible to speculate that
induced or constitutive expression of defense mechanisms dur-
ing the early stages of metal hyperaccumulator evolution may
have conferred positive benefits in terms of metal tolerance,
thereby facilitating the evolution of the metal hyperaccumula-
tion trait. Current understanding of the population dynamics
of, and selection pressures acting upon, metal hyperaccumula-
tors such as N. caerulescens provides some support for the concept
of defense-related fitness benefits as drivers of the evolution of
metal hyperaccumulation. However, much work remains to be
done to understand how selection for disease resistance has inter-
sected with environmental, ecological, physiological, and genetic
factors during the evolution of this fascinating trait.

ACKNOWLEDGMENTS

This work was supported by an award to Gail M. Preston
from the John Fell Fund, University of Oxford, by funding
from the Natural Environment Research Council (grant num-
ber NER/S/A/2006/14187), and by a Marie Curie Intra-European
Fellowship awarded to Anja C. Horger.

Assungdo, A. G. L., Bookum, W.
M., Nelissen, H. J. M., Vooijs, R.,
Schat, H., and Ernst, W. H. O.
(2003b). Differential metal-specific
tolerance and accumulation patterns
among Thlaspi caerulescens popula-

hyperaccumulate metallic elements.
A review of their distribution, ecol-
ogy and phytochemistry. Biorecovery
1, 81-126. doi: 10.3923/jest.2011.
118.138

Barcelo, J., and Poschenrieder, C.

Assungdo, A., Da Costa Martins, P,
De Folter, S., Vooijs, R., Schat,
H., and Aarts, M. G. M. (2001).
Elevated expression of metal trans-
porter genes in three accessions of

species to
study heavy metal hyperaccumula-
tion in plants. New Phytol. 159,
351-360. doi: 10.1046/j.1469-8137.
2003.00820.x

Baker, A.,

tions originating from different soil
types. New Phytol. 159, 411-419. doi:
10.1046/j.1469-8137.2003.00819.x

and Brooks, R. (1989).

Terrestrial higher plants which

(2003). Phytoremediation: principles
and perspectives. Contrib. Sci. 2,
333-344.

Barzanti, R., Ozinol, F, Bazziculupo, M.,

Gabbrielli, R., Galardi, F., Gonnelli,

www.frontiersin.org

October 2013 | Volume 4 | Article 395 | 7


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

Horger etal.

The current status of the elemental defense hypothesis

C., etal. (2007). Isolation and char-
acterization of endophytic bacteria
from the nickel hyperaccumulator
plant Alyssum bertolonii. Microb. Ecol.
53, 306-316. doi: 10.1007/s00248-
006-9164-3

Basic, N., Salamin, N., Keller, C., Gal-
land, N., and Besnard, G. (2006).
Cadmium hyperaccumulation and
genetic differentiation of Thlaspi
caerulescens populations. Biochem.
Syst.  Ecol. 34, 667-677. doi:
10.1016/j.bse.2006.04.001

Behmer, S., Lloyd, C., Raubenheimer,
D., Stewart-Clark, J., Knight, J. L.
R., Harper, E A., etal. (2005). Metal
hyperaccumulation in plants: mech-
anisms of defence against insect her-
bivores. Funct. Ecol. 19, 55-66. doi:
10.1111/j.0269-8463.2005.00943.x

Bekaert, M., Edger, P. P., Hudson, C. M.,
Pires, J. C., and Conant, G. C. (2012).
Metabolic and evolutionary costs of
herbivory defense: systems biology of
glucosinolate synthesis. New Phytol.
196, 596—605. doi: 10.1111/j.1469-
8137.2012.04302.x

Bergelson, J., Dwyer, G., and Emer-
son, J. J. (2001). Models and data on
plant-enemy coevolution. Annu. Rev.
Genet. 35, 469-499. doi: 10.1146/
annurev.genet.35.102401.090954

Bergelson, J., and Purrington, C. B.
(1996). Surveying patterns in the cost
of resistance in plants. Am. Nat. 148,
536-558. doi: 10.1086/285938

Besnard, G., Basic, N., Christin, P.-
A., Savova-Bianchi, D., and Gal-
land, N. (2009). Thiaspi caerulescens
(Brassicaceae) population genetics in
western Switzerland: is the genetic
structure affected by natural varia-
tion of soil heavy metal concentra-
tions? New Phytol. 181, 974-984. doi:
10.1111/j.1469-8137.2008.02706.x

Boominathan, R., and Doran, P. (2003).
Cadmium tolerance and antioxida-
tive defences in hairy roots of the
cadmium hyperaccumulator, Thlaspi
caerulescens. Biotechnol. Bioeng. 83,
158-167. doi: 10.1002/bit.10656

Boyd, R. (2007). The defense hypothe-
sis of elemental hyperaccumulation:
status, challenges and new direc-
tions. Plant Soil 293, 153-176. doi:
10.1007/s11104-007-9240-6

Boyd, R., and Jhee, E. (2005). A
test of elemental defence against
slugs by Ni in hyperaccumulator and
non-hyperaccumulator Streptanthus
species. Chemoecology 15, 179-185.
doi: 10.1007/s00049-005-0310-z

Boyd, R., and Martens, S. (1992). The
Vegetation of Ultramafic (Serpentine)
Soils. (Andover, Hampshire: Inter-
cept Limited), 279-289.

Boyd, R., Shaw, J., and Martens, S.
(1994). Nickel hyperaccumulation

defends ~ Streptanthus  polygaloides
(Brassicaceae) against pathogens.
Am. J. Bot. 81, 294-300. doi:
10.2307/2445455

Boyd, R. S. (2012). Plant defense
using toxic inorganic ions: concep-
tual models of the defensive enhance-
ment and joint effects hypotheses.
Plant Sci. 195, 88-95. doi: 10.1016/j.
plantsci.2012.06.012

Broadley, M., White, P., Hammond, J.,
Zelke, 1., and Lux, A. (2007). Tansley
review. Zinc in plants. New Phytol.
173, 677-702. doi: 10.1111/j.1469-
8137.2007.01996.x

Brooks, R., Lee, J., Reeves, R. D., and
Jaffré, T. (1977). Detection of nicke-
liferous rocks by analysis of herbar-
ium species of indicator plants. J.
Geochem. Explor. 7, 49-57. doi:
10.1016/0375-6742(77)90074-7

Brooks, R. R. (ed.). (1998). Plants
that Hyperaccumulate Heavy Metals.
Wallingford: CAB International, 380.

Brown, J. K. (2003). A cost of dis-
ease resistance: paradigm or peculiar-
ity? Trends Genet. 19, 667-671. doi:
10.1016/j.tig.2003.10.008

Brown, J. K. M., and Tellier, A. (2011).
Plant-parasite coevolution: bridging
the gap between genetics and ecology.
Annu. Rev. Phytopathol. 49, 345-367.
doi: 10.1146/annurev-phyto-072910-
095301

Brown, S., Chaney, R., Angle, J., and
Baker, A. (1995).
mium uptake by hyperaccumulator
Thlaspi caerulescens grown in nutri-
ent solution. Soil Sci. Soc. Am. J.
59, 125-133. doi: 10.2136/sssaj1995.
03615995005900010020x

Cabot, C., Gallego, B., Martos, S.,
Barceld, J., and Poschenrieder, C.
(2013). Signal cross talk in Arabidop-
sis exposed to cadmium, silicon, and
Botrytis cinerea. Planta 237, 337-349.
doi: 10.1007/s00425-012-1779-7

Caldo, R. A., Nettleton, D., Peng,
J., and Wise, R. P. (2006). Stage-
specific suppression of basal defense
discriminates barley plants contain-
ing fast- and delayed-acting Mla pow-
dery mildew resistance alleles. Mol.
Plant Microbe Interact. 19, 939-947.
doi: 10.1094/MPMI-19-0939

Cazorla, E M., Arrebola, E., Sesma,
A., Pérez-Garcia, A., Codina, J.
C., Murillo, ], etal. (2002).
Copper resistance in Pseudomonas
syringae strains isolated from mango
is encoded mainly by plasmids.
Phytopathology 92, 909-916. doi:
10.1094/PHYTO.2002.92.8.909

Charlesworth, B., Nordborg, M., and
Charlesworth, D. (1997). The effects
of local selection, balanced poly-
morphism and background selection
on equilibrium patterns of genetic

Zinc and cad-

diversity in subdivided populations.
Genet. Res. 70, 155-174. doi: 10.1017/
$0016672397002954

Cheong, S.-H., Willmann, M., Chen,
H.-C., and Sheen, J. (2002a).
Calcium signaling through protein
kinases. The Arabidopsis calcium-
dependent protein kinase gene fam-
ily. Plant Physiol. 129, 469-485. doi:
10.1104/pp.005645

Cheong, Y., Chang, H., Gupta, R.,
Wang, X., Zhu, T., and Luan,
S. (2002b). Transcriptional profiling
reveals novel interactions between
wounding, pathogen, abiotic stress,
and hormonal responses in Arabidop-
sis. Plant Physiol. 129, 661-677. doi:
10.1104/pp.002857

Cheruiyot, D., Boyd, R., and Moar,
W. (2013). Exploring lower lim-
its of plant elemental defense by
cobalt, copper, nickel, and zinc.
J. Chem. Ecol. 39, 666—674. doi:
10.1007/s10886-013-0279-y

Chmielowska, J., Veloso, J., Gutiér-
rez, J., Silvar, C., and Diaz, J.
(2010). Cross-protection of pepper
plants stressed by copper against
a vascular pathogen is accompa-
nied by the induction of a defence
response. Plant Sci. 178, 176-182.
doi: 10.1016/j.plantsci.2009.11.007

Cipolloni, D., Enright, S., Traw, M.,
and Bergelson, J. (2004). Salicylic
acid inhibits jasmonic acid-induced
resistance of Arabidopsis thaliana
to Spodoptera exigua. Mol. Ecol.
13, 1643-1653. doi: 10.1111/j.1365-
294X.2004.02161.x

Cipollini, D., and Heil, M. (2010). Costs
and benefits of induced resistance to
herbivores and pathogens in plants.
CAB Rev. 5,1-25.

Citovsky, V., Ghoshroy, S., Tsui, E,, and
Klessig, D. (1998). Non-toxic concen-
trations of cadmium inhibit systemic
movement of turnip vein clearing
virus by a salicylic acid-independent
mechanism. Plant J. 16, 13-20. doi:
10.1046/j.1365-313x.1998.00263.x

Craciun, A. R., Meyer, C.-L., Chen, J,,
Roosens, N., De Groodt, R., Hilson,
P, etal. (2012). Variation in HMA4
gene copy number and expression
among Noccaea caerulescens pop-
ulations presenting different levels
of Cd tolerance and accumulation.
J. Exp. Bot. 63, 4179-4189. doi:
10.1093/jxb/ers104

Cui, W,, Li, L, Gao, Z., Wu, H,
Xie, Y., and Shen, W. (2012). Haem
oxygenase-1 is involved in salicylic
acid-induced alleviation of oxidative
stress due to cadmium stress in Med-
icago sativa. J. Exp. Bot. 63, 5521—
5534. doi: 10.1093/jxb/ers201

DalCorso, G., Fasani, E., and Furini,
A. (2013). Recent advances in the

analysis of metal hyperaccumulation
and hypertolerance in plants using
proteomics. Front. Plant Sci. 4:280.
doi: 10.3389/fpls.2013.00280

Davis, M. A., and Boyd, R. S. (2000).
Dynamics of Ni-based defence and
organic defences in the Ni hyper-

Streptanthus polyga-
loides (Brassicaceae). New Phytol.
146, 211-217. doi: 10.1046/j.1469-
8137.2000.00632.x

Dechamps, C., Lefébvre, C., Noret,
N., and Meerts, P. (2007). Reaction
norms of life history traits in response
to zinc in Thlaspi caerulescens from
metalliferous and non-metaliferous
sites. New Phytol. 173, 191—
198. doi: 10.1111/j.1469-8137.2006.
01884.x

Dechamps, C., Noret, N., Mozek, R.,
Escarré, J., Lefebvre, C., Gruber,
W., etal. (2008). Cost of adapta-
tion to a metalliferous environment
for Thlaspi caerulescens: a field recip-
rocal transplantation approach. New
Phytol. 177,167-177.

Drazic, G., and Mihailovic, N. (2005).
Modification of cadmium toxicity
in soybean seedlings by salicylic
acid. Plant Sci. 168, 511-517. doi:
10.1016/j.plantsci.2004.09.019

Dubois, S., Cheptou, P. O., Petit, C.,
Meerts, P, Poncelet, M., Lefebvre,
C., etal. (2003). Genetic structure
and mating systems of metallicolous
and non-metallicolous populations
of Thlaspi caerulescens. New Phytol.
157, 633-641. doi: 10.1046/j.1469-
8137.2003.00684.x

Escarré, J., Lefebvre, C., Gru-
ber, W., Leblanc, M., Lepart, J,
Riviere, Y., etal. (2000). Zinc
and cadmium hyperaccumulation by
Thlaspi caerulescens from metallif-
erous and nonmetalliferous sites in
the Mediterranean area: implications
for phytoremediation. New Phytol.
145, 429-437. doi: 10.1046/j.1469-
8137.2000.00599.x

Fones, H., Davis, C., Fang, E, Rico,
A., Smith, J. A. C, and Preston,
G. M. (2010). Metal hyperaccumu-
lation armours plants against dis-
ease. PLoS Pathog. 6:¢1001093. doi:
10.1371/journal.ppat.1001093

Fones, H. N., Eyles, C. J., Bennett,
M. H., Smith, J. A. C, and Pre-
ston, G. M. (2013). Uncoupling of
reactive oxygen species accumula-
tion and defence signalling in the
metal hyperaccumulator plant Noc-
caea caerulescens. New Phytol. 199,
916-924. doi: 10.1111/nph.12354

Fones, H. N., and Preston, G. M.
(2012). The impact of transition met-
als on bacterial plant disease. FEMS
Microbiol. Rev. 37, 495-519. doi:
10.1111/1574-6976.12004

accumulator,

Frontiers in Plant Science | Plant Physiology

October 2013 | Volume 4 | Article 395 | 8


http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Horger etal.

The current status of the elemental defense hypothesis

Freeman, J. L., Garcia, D., Kim, D,
Hopf, A., and Salt, D. E. (2005).
Constitutively elevated salicylic acid
signals glutathione-mediated nickel
tolerance in Thlaspi nickel hyperac-
cumulators. Plant Physiol. 137, 1082—
1091. doi: 10.1104/pp.104.055293

Freeman, J. L., Persans, M. W., Nieman,
K., Albrecht, C., Peer, W., Pickering, I.
J., etal. (2004). Increased glutathione
biosynthesis plays a role in nickel tol-
erance in Thlaspi nickel hyperaccu-
mulators. Plant Cell 16, 2176-2191.
doi: 10.1105/tpc.104.023036

Freeman, J. L., Quinn, C., Lindblom,
S., Klamper, E., and Pilon-Smits,
E. (2009). Selenium protects the
hyperaccumulator Stanleya pinnata
against black-tailed prairie dog her-
bivory in native seleniferous habitats.
Am. J. Bot. 96, 1075-1085. doi:
10.3732/ajb.0800287

Fujita, M., Fujita, Y., Noutoshi, Y., Taka-
hashi, F, Narusaka, Y., Yamaguchi-
Shinozaki, K., etal. (2006). Crosstalk
between abiotic and biotic stress
responses: a current view from the
points of convergence in stress sig-
nalling networks. Curr. Opin. Plant
Biol. 9, 436-442. doi: 10.1016/j.
pbi.2006.05.014

Ghaderian, Y., Lyon, A., and Baker,
A. J. M. (2000). Seedling mor-
tality of metal hyperaccumulator
plants resulting from damping off
by Pythium spp. New Phytol.
146, 219-224. doi: 10.1046/j.1469-
8137.2000.00645.x

Ghoshroy, S., Freedman, K., Lartey,
R., and Citovsky, V. (1998). Inhibi-
tion of plant viral systemic infection
by non-toxic concentrations of cad-
mium. Plant J. 13, 591-602. doi:
10.1046/j.1365-313X.1998.00061.x

Haines, B. (2002). Zincophilic root
foraging in Thlaspi caerulescens.
New Phytol. 155, 363-372. doi:
10.1046/j.1469-8137.2002.00484.x

Hammond, J., Bowen, H., White,
P, Mils, V., Pyke, K. A., Baker,
A., etal. (2006). A comparison of
the Thlaspi caerulescens and Thalspi
arvense shoot transcriptomes. New
Phytol. 170, 239-260. doi: 10.1111/j.
1469-8137.2006.01662.x

Hancock, J. G., and Huisman, O. C.
(1981). Nutrient movement in host-
pathogen systems. Annu. Rev. Phy-
topathol. 19, 309-331. doi: 10.1146/
annurev.py.19.090181.001521

Hanikenne, M., and Nouet, C. (2011).
Metal hyperaccumulation and hyper-
tolerance: a model for plant evo-
lutionary genomics. Curr.  Opin.
Plant Biol. 14, 252-259. doi:
10.1016/j.pbi.2011.04.003

Hanikenne, M., Talke, I. N., Hay-
don, M. J.,, Lanz, C., Nolte, A,

Motte, P., etal. (2008). Evolution
of metal hyperaccumulation required
cis-regulatory changes and triplica-
tion of HMA4. Nature 453, 391-395.
doi: 10.1038/nature06877

Hanson, B., Garifullina, G. E, Lind-
blom, S. D., Wangeline, A., Ackley,
A., Kramer, K., etal. (2003). Sele-
nium accumulation protects Brassica
juncea from invertebrate herbivory
and fungal infection. New Phytol.
159, 461-469. doi: 10.1046/j.1469-
8137.2003.00786.x

Hanson, B., Lindblom, S., Loef-
fler, M., and Pilon-Smits, E.
(2004). Selenium protects plants
from phloem-feeding aphids due
to both deterrence and toxicity.
New Phytol. 162, 655-662. doi:
10.1111/j.1469-8137.2004.01067.x

Harrison, M. J. (1999). Biotrophic
interfaces and  nutrient
port in plant/fungal symbioses.
J. Exp. Bot. 50, 1013-1022. doi:
10.1093/jexbot/50.suppl_1.1013

Heil, M., and Baldwin, I. T. (2002).
Fitness costs of induced resistance:
emerging experimental support for
a slippery concept. Trends Plant
Sci. 7, 61-67. doi: 10.1016/S1360-
1385(01)02186-0

Idris, R., Trifonova, R., Puschen-
reiter, M., Wenzel, W, and
Sessitsch,  A. (2004).
communities associated with flower-
ing plants of the Ni hyperaccumu-
lator Thlaspi goesingense. Appl. Env-
iron. Microbiol. 70, 2667-2677. doi:
10.1128/AEM.70.5.2667-2677.2004

Jaffré, T., Brooks, R., Lee, ],
and Reeves, R. (1976). Sebertia
acuminata: a hyperaccumulator of
nickel from New Caledonia. Sci-
ence 193, 579-580. doi: 10.1126/sci-
ence.193.4253.579

Jhee, E. M., Boyd, R. S., and Eubanks,
M. (2005). Nickel hyperaccumula-
tion as an elemental defence of Strep-
tanthus polygaloides (Brassicaceae):
influence of herbivore feeding mode.
New Phytol. 168, 331-344. doi:
10.1111/j.1469-8137.2005.01504.x

Jhee, E. M., Boyd, R. S., and Eubanks,
M. D. (2006). Effectiveness of
metal-metal and metal-organic com-
pound combinations against Plutella
xylostella: implications for plant ele-
mental defense. J. Chem. Ecol. 32,
239-259. doi: 10.1007/s10886-005-
9000-0

Jiang, R., Ma, D. Y., Zhao, E J,
and McGrath, S. P. (2005). Cad-
mium hyperaccumulation protects
Thlaspi caerulescens from leaf feed-
ing damage by thrips (Frankliniella
occidentalis). New Phytol. 167, 805—
814. doi: 10.1111/.1469-8137.2005.
01452.x

trans-

Bacterial

Jin, X, Yang, X., Mahmood, Q.,
Islam, E., Liu, D., and Li, H.
(2008). Response of antioxidant
enzymes, ascorbate and glutathione
metabolism towards cadmium in
hyperaccumulator and nonhyperac-
cumulator ecotypes of Sedum alfredii
H. Environ. Toxicol. 23, 517-529. doi:
10.1002/tox.20362

Jiménez-Ambriz, G., Petit, C., Bour-
rié, 1., Dubois, S., Olivieri, 1., and
Ronce, O. (2007). Life history varia-
tion in the heavy metal tolerant plant
Thlaspi caerulescens growing in a net-
work of contaminated and noncon-
taminated sites in southern France:
role of gene flow, selection and
phenotypic plasticity. New Phytol.
173, 199-215. doi: 10.1111/j.1469-
8137.2006.01923.x

Kawecki, T. J., and Ebert, D. (2004).
Conceptual issues in local adapta-
tion. Ecol. Lett. 7, 1225-1241. doi:
10.1111/j.1461-0248.2004.00684.x

Koch, M., and Mummenhoff, K. (2001).
Thlaspi s. str. (Brassicaceae) ver-
sus Thlaspi s.l.. morphlogical and
anatomical characters in the light
of ITS nrDNA sequence data. Plant
Syst.  Evol. 227, 209-225. doi:
10.1007/5006060170049

Koch, M., Mummenhoff, K., and
Hurka, H. (1998). Systematics and
evolutionary history of heavy metal
tolerant Thlaspi caerulescens in West-
ern Europe: evidence from genetic
studies based on isozyme analy-
sis. Biochem. Syst. Ecol. 26, 823—

838. doi: 10.1016/S0305-1978(98)
00057-X
Krimer, U. (2000). Cadmium for

all meals: plants with an unusual
appetite. New Phytol. 145, 1-5. doi:
10.1046/j.1469-8137.2000.00567.x

Kramer, U. (2010). Metal hyper-
accumulation in plants.  Annu.
Rev. Plant Biol. 61, 517-534. doi:
10.1146/annurev-arplant-042809-
112156

Krimer, U,  Cotter-Howells, J.,
Charnock, J., Baker, A. J. M., and
Smith, J. A. C. (1996). Free histi-
dine as a metal chelator in plants
that accumulate nickel. Nature 379,
635—638. doi: 10.1038/379635a0

Kiipper, H., Lombi, H., Zhao, E-
J., Wieshammer, G., and McGrath,
S. (2001). Cellular compartmenta-
tion of nickel in the hyperaccumu-
lators Alyssum lesbiacum, Alyssum
bertolonii and Thlaspi goesingense.
J. Exp. Bot. 52, 2291-2300. doi:
10.1093/jexbot/52.365.2291

Kippper, H., Zhao, E ], and
McGrath, S. (1999). Cellular com-
partmentation of zinc in leaves
of the hyperaccumulator Thlaspi

caerulescens. ~ Plant Physiol. 119,

305-311. doi: 10.1104/pp.119.1.305
PMCid:PMC32233

Lasat, M., Baker, A., and Kochian,
L. (1996). Physiological charac-
terisation of root Zn>* absorp-
tion and translocation to shoots in
Zn hyperaccumalator and nonaccu-
mulator species of Thlaspi. Plant
Physiol. 112, 1715-1722.  doi:
10.1104/pp.112.4.1715

Lasat, M., Pence, N., Garvin, D., Ebbs,
S., and Kochian, L. (2000). Molec-
ular physiology of zinc transport
in the Zn hyperaccumulator Thlaspi
caerulescens. J. Exp. Bot. 51, 71-79.
doi: 10.1093/jexbot/51.342.71

Lefebvre, C. (1970). Self-fertility in
maritime and zinc mine populations
of  Armeria  maritima  (Mill.)
Willd. Evolution 24, 571-577. doi:
10.2307/2406837

Llugany, M., Martin, S. R., Barcel6,
J., and Poschenrieder, C. (2013).
Endogenous jasmonic and sali-
cylic acids levels in the Cd-hyper-

Noccaea  (Thlaspi)
praecox exposed to fungal infection
and/or mechanical stress. Plant Cell
Rep. 32, 1243-1249. doi: 10.1007/
500299-013-1427-0

Lombi, E., Zhao, ., McGrath, S., Young,
S., and Sacchi, G. (2001). Physio-
logical evidence for a high affinity
cadmium transporter in a Thlaspi
caerulescens ecotype. New Phytol.
149, 53-60. doi: 10.1046/j.1469-
8137.2001.00003.x

Ma, L., Komar, K., Tu, C.,, Zhang,
W., Cai, Y., and Kennelly, E.
(2001). A fern that hyperaccumulates
arsenic. Nature 409, 579-581. doi:
10.1038/35054664

Maestri, E., Marmiroli, M., Visi-
oli, G., and Marmiroli, N. (2010).
Metal tolerance and hyperaccumu-
lation: costs and trade-offs between
traits and environment. Environ.
Exp. Bot. 68, 1-13. doi: 10.1016/j.
envexpbot.2009.10.011

McNeilly, T. (1968). Evolution in closely
adjacent populations. III. Agrostis
tenuis on a small copper mine.
Heredity 23, 98-108. doi: 10.1038/
hdy.1968.8

Meerts, P, and Van Isacker, N.
(1997). Heavy metal tolerance and
accumulation in metallicolous and
non-metallicolous populations of

accumulator

Thlaspi  caerulescens from conti-
nental Europe. Plant Ecol. 133,
221-231. doi: 10.1023/A:10097176
19579

Mengoni, A., Baker, A. J. M., Bazzi-
calupo, M., Reeves, R. D., Adigiizel,
N., Chianni, E., etal. (2003). Evo-
lutionary dynamics of nickel hyper-
accumulation in Alyssum revealed by
ITS nrDNA analysis. New Phytol.

www.frontiersin.org

October 2013 | Volume 4 | Article 395 | 9


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

Horger etal.

The current status of the elemental defense hypothesis

159, 691-699. doi: 10.1046/j.1469-
8137.2003.00837.x

Mengoni, A., Schat, H. and Van-
gronsveld, J. (2010).
extreme environments? Ni-resistant
bacteria and Ni-hyperaccumulators
of serpentine flora. Plant Soil
331, 5-16. doi: 10.1007/s11104-009-
0242-4

Metwally, A., Finkemeier, I, Georgi,
M., and Dietz, K.-J. (2003).
Salicylic acid alleviates the cad-
mium toxicity in barley seedlings.
Plant Physiol. 132, 272-281. doi:
10.1104/pp.102.018457

Mitchell-Olds, T., Willis, J. H., and

Plants as

Goldstein, D. B. (2007). Which
evolutionary ~ processes influ-
ence natural genetic variation
for phenotypic traits? Nat. Rev.
Genet. 8, 845-856. doi: 10.1038/
nrg2207

Mittra, B., Ghosh, P, Henry, S. L.,
Mishra, J., Das, T. K., Ghosh, S.,
etal. (2004). Novel mode of resis-
tance to Fusarium infection by a mild
dose pre-exposure of cadmium in
wheat. Plant Physiol. Biochem. 42,
781-787. doi: 10.1016/j.plaphy.2004.
09.005

Mummenhoff, K., Franke, A., and Koch,
M. (1997). Molecular phylogenetics
of Thiaspi s. 1. (Brassicaceae) based
on chloroplast DNA restriction site
variation ad sequences of the internal
transcribed spacers of nuclear ribo-
somal DNA. Can. J. Bot. 75, 469-482.
doi: 10.1139/b97-051

Narusaka, Y., Narusaka, M., Seki,
M., Umezawa, T., Ishida, J., Naka-
jima, N., etal. (2004). Crosstalk in
the responses to abiotic and biotic
stresses in Arabidopsis: the analyses
of gene expression in the cytochrome
P450 gene superfamily by cDNA

microarray. Plant Mol. Biol. 55,
327-342. doi: 10.1007/s11103-004-
0685-1

Noret, N., Meerts, P, Tolra, R., Poschen-
rieder, C., Barceld, J., and Escarré,
J. (2005). Palatability of Thlaspi
caerulescens for snails: influence of
zinc and glucosinolates. New Phytol.
165, 763-772. doi: 10.1111/j.1469-
8137.2004.01286.x

Noret, N., Meerts, P, Vanhaelen,
M., Das Santos, A., and Escarré,
J. (2007). Do metal-rich plants
deter herbivores? A field test of the
defense hypothesis. Oecologia 152,
92-100. doi: 10.1007/s00442-006-
0635-5

O Lochlainn, S., Bowen, H. C., Fray,
R. G., Hammond, J. P, King, G. J,,
White, P. J., etal. (2011). Tandem
quadruplication of HMA4 in the zinc
(Zn) and cadmium (Cd) Hyperaccu-
mulator Noccaea caerulescens. PLoS

ONE 6:¢17814. doi: 10.1371/jour-
nal.pone.0017814

Outten, C., and O’Halloran, T.
(2001). Femtomolar sensitivity of
metalloregulatory proteins control-
ling zinc homeostasis. Science 292,
2488-2492. 10.1126/science.
1060331

Pannell, J. R, and Charlesworth, B.
(2000). Effects of metapopulation
processes on measures of genetic
diversity. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 355, 1851-1864. doi:
10.1098/rstb.2000.0740

Paul-Victor, C., Ziist, T., Rees, M.,
Kliebenstein, D. J., and Turnbull, L.
A. (2010). A new method for measur-
ing relative growth rate can uncover
the costs of defensive compounds
in Arabidopsis thaliana. New Phytol.
187, 1102-1111. doi: 10.1111/j.1469-
8137.2010.03325.x

Pauwels, M., Roosens, N., Frérot, H.,
and Saumitou-Laprade, P. (2008).
When population genetics serves
genomics: putting adaptation back in
a spatial and historical context. Curr.
Opin. Plant Biol. 11, 129-134. doi:
10.1016/j.pbi.2008.01.005

Peer, W. A., Mahmoudian, M., Free-
man, J. L, Lahner, B., Richards,
E. L., Reeves, R. D., etal. (2006).
Assessment of plants from the Bras-
sicaceae family as genetic models for
the study of nickel and zinc hyper-
accumulation. New Phytol. 172, 248—
260. doi: 10.1111/j.1469-8137.2006.
01820.x

Pepper, A., and Norwood, L.
(2001).  Evolution of Caulan-
thus amplexicaulis var.
(Brassicaceae), a rare
tine endemic plant: a molecular
phylogenetic perspective. Am. J.
Bot. 88, 1479-1489. doi: 10.2307/
3558456

Pieterse, C. M. J., and Dicke, M.
(2007).  Plant with
microbes and insects: from molec-
ular mechanisms to ecology. Trends
Plant Sci. 12, 564-569. doi:
10.1016/j.tplants.2007.09.004

Pollard, A. (2000). Metal hyperac-
cumulation: a model system for
coevolutionary studies. New Phytol.
146, 179-181. doi: 10.1046/j.1469-
8137.2000.00651.x

Pollard, J., and Baker, A. (1997).
Deterrence of herbivory by zinc
hyperaccumulation  in  Thlaspi
caerulescens (Brassicaceae).  New
Phytol. 135, 655-658. doi: 10.1046/j.
1469-8137.1997.00689.x

Pollard, A., Powell, K., Harper, E, and
Smith, J. (2002). The genetic basis of
metal hyperaccumulation in plants.
Crit. Rev. Plant Sci. 21, 539-566. doi:
10.1080/0735-260291044359

doi:

barbarae
serpen-

interactions

Poschenrieder, C., Tolrd, R.,
Barcel6, J. (2006).
defend plants against biotic stress?
Trends Plant Sci. 11, 288-295. doi:
10.1016/.tplants.2006.04.007

Pujol, B., Zhou, S.-R., Vilas, J. S.,
and Pannell, J. R. (2009). Reduced
inbreeding depression after species
range expansion. Proc. Natl. Acad.
Sci. U.S.A. 106, 15379-15383. doi:
10.1073/pnas.0902257106

Rascio, N., and Navari-Izzo, F
(2011). Heavy metal hyperaccumu-
lating plants: how and why do they
do it? And what makes them so inter-
esting? Plant Sci. 180, 169-181. doi:
10.1016/j.plantsci.2010.08.016

Rathinasabapathi, B., Rangasamy, M.,
Froeba, J., Cherry, R., McAuslane,
H., Capinera, J., etal. (2007).
Arsenic hyperaccumulation in the

(Pteris  vit-
tata) deters grasshopper (Schistocerca
americana) herbivory. New Phytol.
175, 363-369. doi: 10.1111/j.1469-
8137.2007.02099.x

Reeves, R., and Baker, A. (2000). “Metal-
accumulating plants,” in Phytoreme-
diation of Toxic Metals: Using Plants to
Clean Up the Environment, Chap. 12,
eds 1. Raskin and B. D. Ensley (New
York: Wiley Interscience), 193-230.

Richau, K. H., and Schat, H. (2009).
Intraspecific variation of nickel and
zinc accumulation and tolerance
in the hyperaccumulator Thlaspi
caerulescens. Plant Soil 314, 253-262.
doi: 10.1007/5s11104-008-9724-z

Riley, R. (1956). The influence of the
breeding system on the genecology
of Thlaspi alpestre L. New Phytol.
55, 319-330. doi: 10.1111/j.1469-
8137.1956.tb05291.x

Salt, D., and Krimer, U. (2000). “Mecha-
nisms of metal hyperaccumulation in
plants”, in Phytoremediation of Toxic
Metals: Using Plants to Clean Up
the Environment, eds 1. Raskin and
B. Ensley (New York: Wiley Inter-
science), 231-246.

Schwartz, C., Morel, J., Saumier,
S., Whiting, S., and Baker, A.
(1999). Root development of the
zinc-hyperaccumulator plant Thlaspi
caerulescens as affected by metal
origin, content and localization in
soil. Plant Soil 208, 103-115. doi:
10.1023/A:1004519611152

Shabab, M., Shindo, T., Gu, C,
Kaschani, E, Pansuriya, T., Chintha,
R., etal. (2008). Fungal effec-
tor protein AVR2 targets diversify-
ing defense-related Cys proteases of
tomato. Plant Cell 20, 1169-1183.
doi: 10.1105/tpc.107.056325

Shen, Z., Zhao, F, and McGrath,
S. (1997). Uptake and transport
of zinc in the hyperaccumulator

and
Can metals

Chinese brake fern

Thlaspi caerulescens and the non-
hyperaccumulator Thlaspi ochroleu-
cum. Plant Cell Environ. 20, 898-906.
doi: 10.1046/j.1365-3040.1997.d01-
134.x

Stamp, N. (2003). Out of the quagmire
of plant defense hypotheses. Q. Rev.
Biol. 78, 23-55. doi: 10.1086/367580

Sun, R. L., Zhou, Q. X., Sun, E H.,
and Jin, C. X. (2007). Antioxidative
defense and proline/phytochelatin
accumulation in a
covered

newly dis-

Cd-hyperaccumulator,
Solanum  nigrum L. Environ.
Exp. Bot. 60, 468-476. doi:
10.1016/j.envexpbot.2007.01.004

Sundin, G. W,, Jones, A. L., and
Fulbright, D. W. (1989). Copper
resistance in P. syringae and its
associated transfer in vitro and in
planta with a plasmid. Phytopathol-
ogy 79, 861-865. doi: 10.1094/Phyto-
79-861

Tian, D., Traw, M. B., Chen, J.
Q., Kreitman, M., and Bergelson,
J. (2003). Fitness costs of R-gene-
mediated resistance in Arabidopsis
thaliana. Nature 423, 74-77. doi:
10.1038/nature01588

Tolra, R. P, Alonso, R., Poschen-
rieder, C., Barcelo, D., and
Barcelo, J. (2001). Determina-

tion of glucosinolates in rapeseed
and Thlaspi caerulescens plants by
liquid chromatography-atmospheric
pressure chemical ionization mass
spectrometry. J. Chromatogr. A
889, 75-81. doi: 10.1016/S0021-
9673(00)00373-3

Tutin, T. G., Burges, N. A., Chater, A.
0., Edmondson, J. R., Heywood, V.
H., Moore, D. M., etal. (1993). Flora
Europaea. Cambridge: Cambridge
University Press.

Ueki, S., and Citovsky, V. (2002). The
systemic movement of a tobamovirus
is inhibited by a cadmium-ion-
induced glycine-rich protein. Nat.
Cell Biol. 4, 478-486.

Utmazian, M., Weishammer, G., Vega,
R., and Wenzel, W. (2007). Hydro-
ponic screening for metal resistance
and accumulation of cadmium and
zinc in twenty clones of willows
and poplars. Environ. Pollut. 148,
155-165. doi: 10.1016/j.envpol.2006.
10.045

Vesk, P, and Reichman, S. (2009).
Hyperaccumulators and herbivores:
a Bayesian meta-analysis of feed-
ing choice trials. J. Chem. Ecol. 35,
289-296. doi: 10.1007/s10886-009-
9607-7

Whiting, S., Leake, J., McGrath, S., and
Baker, A. (2000). Positive responses
to zinc and cadmium by roots of the
zinc and cadmium hyperaccumula-
tor Thlaspi caerulescens. New Phytol.

Frontiers in Plant Science | Plant Physiology

October 2013 | Volume 4 | Article 395 | 10


http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Horger etal.

The current status of the elemental defense hypothesis

145, 199-210. doi: 10.1046/j.1469-
8137.2000.00570.x

Wojcik, M., Skérzynska-Polit, E.,
and Tukiendorf, A. (2006). Organic
acids accumulation and antioxi-
dant enzyme activities in Thlaspi
caerulescens under zinc and cad-
mium stress. Plant Growth Regul. 48,
145-155. doi: 10.1007/s10725-005-
5816-4

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 28 June 2013; accepted: 16
September 2013; published online: 16
October 2013.

Citation: Horger AC, Fones HN and Pre-
ston GM (2013) The current status of the
elemental defense hypothesis in relation
to pathogens. Front. Plant Sci. 4:395. doi:
10.3389/fpls.2013.00395

This article was submitted to Plant Phys-
iology, a section of the journal Frontiers
in Plant Science.

Copyright © 2013 Horger, Fones and
Preston. This is an open-access article

distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or repro-
duction in other forums is permitted,
provided the original author(s) or licensor
are credited and that the original publica-
tion in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

www.frontiersin.org

October 2013 | Volume 4 | Article 395 | 11


http://dx.doi.org/10.3389/fpls.2013.00395
http://dx.doi.org/10.3389/fpls.2013.00395
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

	The current status of the elemental defense hypothesis in relation to pathogens
	Introduction
	The evidence for the defense hypothesis
	Defensive enhancement or joint effects?
	Interactions between metal hyperaccumulation and other defenses
	The impact of population structure on the evolution of "elemental" defense mechanisms in plants
	Concluding remarks and future perspectives
	Acknowledgments
	References


