
Chapter 14

Nickel Hyperaccumulating Plants and Alyssum
bertolonii: Model Systems for Studying

Biogeochemical Interactions in Serpentine Soils

Alessio Mengoni, Lorenzo Cecchi, and Cristina Gonnelli

14.1 The Serpentine Factor as a Tool for Studying

Biogeochemical Interactions

Serpentine rocks (or ophiolites) derive their name from the olive greenish-gray

color, striped in different shades, that looks like the skin of a snake (serpens in latin,
o’iç – ophis in Greek). They originate from metamorphic alterations of peridotites

with water and may form near the Earth’s surface or in the upper part of the Earth’s

mantle during subduction events. In a wider concept, the same term is extended to

all substrates which are derived from the weathering of ultramafic (igneous or

metamorphic) rocks that contain at least 70% hydrous magnesium – iron

phyllosilicates such as antigorite and chrysotile, minerals with the general formula

(Mg, FeII)3Si2O5(OH)4 (Brooks 1987; Kruckeberg 2002). Serpentine outcrops are

spread worldwide within 22 of the 35 floristic regions (as defined by Takhtajan

1986), from sea level up to 2,000–3,000 m, ranging from 0 to 70 latitude degrees

but cover no more than 1% of total Earth’s surface (Fig. 14.1).

Serpentine soils have such extreme chemical and physical properties to render

them potentially toxic and unsuitable for most plant species (Brooks 1987; Brady

et al. 2005; Chiarucci et al. 1998) and for many microorganisms (Mengoni et al.

2010) (Table 14.1).

As a general rule, in comparison with other rock types, ultramafites are strongly

enriched in elements such as iron, nickel, cobalt, and chromium, whereas they

present much lower abundance of plant nutrients, such as calcium, nitrogen,

phosphorus, and potassium. The relatively high concentrations of nickel and cobalt

in serpentines largely depends on the fact that the ionic radii of their divalent states

are very close to that of Mg2+ so that ionic substitution readily takes place into

magnesium-rich minerals, which are dominant in ophiolitic rocks. Chromium is
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Fig. 14.1 Worldwide distribution of ultramafic outcrops. 1, Western North America (from Alaska

to northern California); 2, eastern North America (from Labrador and Newfoundland to South

Carolina); 3, Caribbean (Cuba and Puerto Rico); 4, Guyana; 5, Andes; 6, Brazil; 7, Ghana;

8, southern Africa (from Zaire to South Africa); 9, northern Europe (Scotland and Fennoscandia);

10, western Europe and northern Morocco; 11, eastern Europe, Anatolia, and Cyprus; 13, Oman

and south-western Asia; 14. central Asia; 15, north-western India and Bangladesh; 16, Ceylon;

17, Japan; 18, Indopacific Islands (from Malay archipelago to Solomon Islands);

19, New Caledonia; 20, south-western Australia; 21, eastern Australia; 22, New Zealand. Black
dots indicate localization of the presence of ultramafic outcrop within wider areas defined by gray
color

Table 14.1 Ranges of

chemical characteristics of

serpentine soils in Tuscany

(Italy)

Chemical parameters Range of variation

pH (1:2.5, soil:H2O) 7.15–7.52

CEC (meq g�1 DW) 25.2–32.4

Organic matter (%) 1.7–8.3

Ni 979–2,724

Cr 897–3,342

Co 63–229

Ca 2,015–4,881

Mg 38,785–13,3010

Ca/Mg 0.019–0.239

CEC, cation exchange capacity. Total metal concentrations are

expressed in mg g�1 DW. Concentrations in surface soils exceed-

ing 100 mg g�1 DW for Ni and Cr and 50 mg g�1 DW for Co are

considered phytotoxic (Kabata-Pendias and Pendias 1991). Data

from Galardi et al. (2007a) and Mengoni et al. (2004)
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enriched because Cr3+ readily substitutes in Fe3+ minerals (Brooks 1987). In any

event, the cation concentration of these soils is known to vary markedly as they are

derived from world-spread rocks that occur under a wide range of climates

(Kruckeberg 2002).

Nickel is often believed to play a major role in determining the flora and

vegetation in many serpentine areas (Brooks 1987; Vergnano Gambi 1992;

Robinson et al. 1997). Nickel has a relatively high availability in the range of pH

values of serpentine soils and values of bioavailable nickel in serpentine soils are

often significantly higher than the toxicity threshold (as defined for common plants;

see Kabata-Pendias and Pendias 1991). However, not all serpentine soils are ever

nickel toxic as shown by early experiments (Slingsby and Brown 1977), suggesting

that serpentine adaptation is not always linked to the presence of heavy metals such

as Ni. The discovery of a large number of taxa that accumulate Ni in their tissues

(Brooks 1987; Bani et al. 2007) may be a further evidence of the high selective

pressure that this element exerts on serpentine plants. However, clear evidence for

nickel toxicity in any serpentine is sadly lacking in the literature. Although rela-

tively high concentrations of Co are available in plants in ultramafic soils, its

accumulation in plant tissues is rare (Robinson et al. 1997). On the other hand, Cr

has very low exchangeable concentrations in the soil and few species are known

that truly hyperaccumulate this element (Brooks 1987; Robinson et al. 1997;

Chiarucci 2003; Zhang et al. 2007). Another possible selective factor is the high

concentration of Mg and/or the deficiency of Ca, i.e., the unfavorable ratio of Mg to

Ca in serpentine soils. Strong effects of the Mg/Ca quotient (Brooks 1987; Proctor

and Woodell 1975; Kruckeberg 2002; Roberts and Proctor 1992) and the toxic

influence of Mg (Proctor 1971; Brooks and Yang 1984; Bani et al. 2007) have been

found in several studies, and the addition of Ca to serpentine soils may reverse the

unfavorable conditions of these soils, at least to some extent (Proctor 1971; Brooks

1987; Brady et al. 2005). Moreover, nonserpentine soils with high Mg

concentrations share several floristic elements with ultramafic environments

(Mota et al. 2008), suggesting that serpentine adaptation may often be explained

as a mere tolerance to the “magnesium factor.”

Another problem can be represented by the low nutrient content of ophiolites

(Brooks 1987; Proctor and Nagy 1992). Fertilization with P, K, or N enhanced

cover and productivity and resulted in a change in the floristic composition of

serpentine plant communities (Huenneke et al. 1990; Proctor and Nagy 1992;

Chiarucci et al. 1999; Chiarucci and Maccherini 2007; Bani et al. 2007).

The relative available concentrations of all the above-mentioned elements in

water matrices are mutually influenced, as a consequence of their direct chemical

interactions and their indirect contribution to the soil organic matter content and pH

values. As a consequence, the effects of fertilization with a certain nutrient

elements may lead to the misinterpretation of its actual role in producing the

“serpentine factor” (Brooks 1987).

The physical conditions of serpentine are also hostile to many plants. Serpentine

outcrops are often steep and relatively rocky, making them particularly vulnerable

to erosion, which results in shallow freely draining soils. In addition, they generally
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have negligible contents of silt and clay. Combined, these factors yield an environ-

ment with little moisture and depressed nutrient levels (Kruckeberg 2002; Proctor

and Woodell 1975; Walker 1954). Furthermore, the scarce plant cover also

promotes erosion and elevated soil thermal excursions (Kruckeberg 2002). Each

of these factors poses an additional stress to plant life. As a collective result, three

traits can be identified as strictly characteristic of serpentine environments: poor

plant productivity, high rates of endemism, and vegetation types distinct from those

of neighboring areas (Whittaker 1954).

Jointly in the still elusive “serpentine factor,” the chemical, physical, and biotic

components of such soils produce what Jenny (1980) defined as the “serpentine

syndrome,” i.e., the cumulative effect of these components on plant form, develop-

ment, and distribution. Such a “syndrome” is the key for the evolution of endemic

taxa (Pichi Sermolli 1948; Kruckeberg 1954; Kruckeberg and Kruckeberg 1990),

and the reason is that serpentine outcrops have to be considered as “ecological

islands” (Lefèbvre and Vernet 1990), taking also into account that they are ubiqui-

tous but patchily distributed. Because of all the above-mentioned reasons, the

linkage between the ophiolites and their flora generates an extremely valuable

and irreplaceable tool for studying bio–geo interactions.

14.2 Plants that “Like” Metals

The notion that species are indicators of particular environments is a time-honored

one in plant science (Kruckeberg 2002). This concept was widely exploited even in

mineral exploration, so that the first practical geobotanists can really be identified in

the mediaeval miners and metallurgists. In fact, the biological method for

prospecting (geobotany), depending only on visual observation of vegetation

cover, has a very long history dating back at least to Roman times, whereas

biogeochemical procedures, depending on advances in analytical chemistry, date

back only to the last century (Brooks 1998). As a consequence, the connection of a

specific flora to a specific environment seemed to be so strong to have allowed a

whole profit-based discipline, such as the mineral exploration itself, to develop; this

depends on the amazing ability of some plants to evolve tolerance to unfavorable

substrates like the metal-enriched ones. Metal-adapted genotypes are the result of

the Darwinian natural selection of metal-tolerant individuals selected from

surrounding nonmetallicolous populations (Antonovics et al. 1971; Baker 1987;

Ernst 2006). Once tolerance evolved, a tight link between plants and the metal-rich

environment is established, depending on the fact that these plant populations are

competitive only in such environments, where the fitness takes advantage from the

acquired tolerance mechanisms. Such selection can lead ultimately to speciation

and the evolution of endemic taxa.

These unique plants with an ability to tolerate metal toxicities and survive and

reproduce on metalliferous soils are called metallophytes. The majority of them are

able to tolerate specific metals in the substrate by physiologically restricting the
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entry of metals into the root and/or their transport to the shoot (termed “excluders”

by Baker 1981). A few species, however, have extremely specialized biological

mechanisms in that they are able to accumulate, or even “hyperaccumulate,” metals

in their shoots at concentrations that can exceed 2% of their dry weight (DW)

(Baker et al. 2000). These latter plants are the so-called metal “hyperaccumulators,”

a term first coined by Brooks et al. (1977) to define particular plants living on

nickel-rich serpentine substrates with nickel concentrations >1,000 mg g�1 DW in

their above-ground parts. Hyperaccumulators may be at a disadvantage when

resources are abundant, but thrive in disturbed habitats because, for example, the

high concentration of metals in their organs deters some animals from grazing upon

them (Pollard and Baker 1997; Boyd 2004; Jiang et al. 2005). Among the

metallophytes, metal hyperaccumulators can represent the most indicative case of

the linkage between a certain plant and a certain soil, considering also that for some

hyperaccumulators the presence of the metal at high concentration in the soil is

essential for a normal growth (K€upper et al. 2001). Hyperaccumulators have

therefore been studied as peculiar interesting examples of evolution and adaptation,

and as useful indicators in prospecting for metals (Brooks 1983). Recently, the

development of new plant-based technologies for the remediation of polluted sites

(Vassilev et al. 2004) has stimulated new research interest on metallophytes

(Whiting et al. 2004), and on the underlying physiological mechanisms that enable

some of these plants to take up such extraordinary amounts of metals.

14.3 Evolution of Serpentine Plants

Serpentine habitats are geologic islands in a “sea” of other soil types. When these

rocks were exposed, new species spread on to them from the surrounding substrates.

In due course, those that could colonize and survive on serpentines evolved on a

different route from their nonserpentine relatives. In several cases, the new species

survived on a patch of serpentine because they were poor competitors on other

substrates. As a result of this “island” effect, serpentine soils show a large number

of species that are found only on such substrates and have highly restricted

geographical ranges.

The subject of adaptation of plant species to the total environment of serpentine

soils has occupied scientist for many years. Plant biologists have studied in depth

the ecology, physiology, phylogeny, and taxonomy of plants occurring on serpen-

tine soils, the so-called serpentinophytes (for a review see Brady et al. 2005). The

ecological island model has boosted much research on evolution and adaptation and

provoked discussion on the microevolutionary dynamics of metal tolerance in

plants, from the population to the single-gene level (for examples see Nyberg

Berglund et al. 2004; Kazakou et al. 2010; Quintela-Sabarı́s et al. 2010; Mengoni

et al. 2000, 2001, 2003a, b, c; Rajakaruna et al. 2003; Vekemans and Lefèbvre

1997).
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The tight bond between these plants and their environment has been proved from

a long time ago by Kruckeberg (1950, 1954), through experiments showing that

serpentine-tolerant species and races are limited to serpentine soils because of

their inability to compete in nonserpentine environments. This suggests that along

the evolutionary trajectory toward serpentine tolerance, genetic trade-offs occur,

rendering the serpentine-adapted plant species or ecotypes unable to re-colonize

their parental habitat. Moreover, the self-fertility of metal-tolerant populations has

proved to be usually much greater than that of nontolerant taxa, presumably as a

strategy to reduce reduction of tolerance by flow of nontolerant genes from the

surrounding populations (Brady et al. 2005; Brooks 1987) or could be a side effect

of previous history of higher self-pollination rates because of the expected low

number of first colonizers. Thus, serpentine-tolerant taxa are often endemic to

serpentine regions (Brady et al. 2005) and, indeed, the occurrence of plant species

restricted to serpentine substrates was documented as long ago as the sixteenth

century (Vergnano Gambi 1992).

Serpentinophytes comprise facultative taxa, plants that will grow quite well on

serpentine soils without having a specific requirement for any of the edaphic or

physical properties of the substrate and obligate taxa that are presumed to grow on

serpentine because of a specific nutritional or other requirement which only such

soils can provide, mainly the protection from biotic factors present in nonserpentine

substrates (Brooks 1987; Boyd 2004). Widespread serpentine endemics can act as

flag species, because they are loyal to the substrate; they are thus good indicator

plants for serpentine. Furthermore, these species often display unusual and charac-

teristic features in their habitus. In fact, studies of serpentine floras have noted the

so-called serpentinomorphoses (Novák 1928), morphological differences between

populations or taxa growing on serpentine and nonserpentine soils (Kruckeberg

2002) that concur to plant adaptation to the serpentine factor. The most frequent

serpentinomorphoses are xeromorphic foliage, including reduced leaf size and

sclerophylls, development of a large root system, dwarfism, plagiotropism,

glabrescence or pubescence, glaucescence, and erythrism (Vergnano Gambi

1993; Brady et al. 2005).

Serpentine plants also show a wide range of physiological strategies to adapt to

the particular substrate they colonize. Indeed, the most intriguing ones are those

related to overcoming the often high heavy metal concentrations present. In relation

to such strategies, the two main categories, excluders and accumulators sensu Baker
(1981), can be found. Tolerant plants are often excluders, limiting the entry and

root-to-shoot translocation of trace metals. Differential uptake and transport

between root and shoot in excluders leads to more-or-less constant low shoot levels

over a wide range of external concentrations. On the other hand, accumulators

concentrate metals in plant parts from low or high background levels. Among the

latter, a class of rare plants shows extreme behavior in metal uptake and transloca-

tion to the shoots are the so-called hyperaccumulators (Brooks et al. 1977) as

mentioned above. Inevitably, metal hyperaccumulation is associated with a

strongly enhanced ability to detoxify the metal accumulated in above-ground

tissues, and thus with metal hypertolerance (Kr€amer 2010; Rascio and Navari-
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Izzo 2011). Metal hyperaccumulation requires complex alterations in the plant

metal homeostasis network. Briefly, the main processes supposed to be involved

are increased root metal uptake rates, enhanced rates of metal loading from the root

symplasm into the apoplastic xylem, highly effective metal detoxification, and

sequestration in the leaves (Kr€amer 2010).

Hyperaccumulators occur in over 54 different families of angiosperms, and very

few species among conifers and pteridophytes (see Kr€amer 2010 for a comprehen-

sive list). Because Ni hyperaccumulation occurs in a broad range of unrelated

families, it is certainly of polyphyletic origin (Macnair 2003). The Brassicaceae

family is relatively rich in Ni hyperaccumulators, in particular the genera Alyssum
and Noccaea (Thlaspi s.l.). In Sect. 14.5 a phylogenetic discussion about the

evolution of hyperaccumulation in tribe Alysseae is presented.

The selective factors causing the evolution of hyperaccumulation are unknown

and difficult to identify retrospectively. Increased metal tolerance, protection

against herbivores or pathogens, inadvertent uptake, drought tolerance, and alle-

lopathy are the different nonmutually exclusive hypotheses formulated so far (Boyd

and Martens 1992). Anyway, the supposition of defense against natural enemies is

certainly the most accepted one (Boyd 2004, 2007). Whatever the reason of the

evolution of this particular phenomenon was, metal hyperaccumulators can surely

be the most representative emblem of the link between geology and plant life, thus

representing a valuable model system for studying biogeochemical interactions.

14.4 Hyperaccumulation as a Variable Trait

Whatever the physiological strategies for nickel hyperaccumulation are, it is of

fundamental importance to investigate bio–geo interactions, i.e., if possible

variations in the soil, in terms of chemical characteristics of the substrates and

spatial distribution, can affect plant variability both in terms of phenotype and of

selective pressure on target genes for tolerance and hyperaccumulation. In the field,

individual plants of a metal-hyperaccumulating species exhibit wide phenotypic

variation, even within a single population (Boyd et al. 1999; Macnair 2002).

Obviously, the two most important determinants are bioavailable soil metal con-

centration and individual genotype. Plant metal concentrations may be expected to

be related to soil metal levels. However, it is also possible that they could be

relatively insensitive to those of the soil, especially when the curve relating plant

metal uptake to the soil concentrations suggests saturation at quite a low external

metal concentration (Baker 1981).

Molecular variability in genetic and biochemical pathways (Kr€amer 2010;

Verbruggen et al. 2009) involved in metal accumulation and metal tolerance can

also lead to variation in plant metal concentrations. In Noccaea (Thlaspi)
caerulescens and Cardaminopsis (Arabidopsis) halleri, the variability of Zn and

Cd accumulation has been widely investigated (Assunçao et al. 2003, 2008; Bert

et al. 2002; Macnair, 2002; Taylor and Macnair 2006), showing that there is
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heritable variation in degree of metal accumulation between local populations and

that microevolutionary adaptation plays important role on the onset of the enhanced

tolerance in metallicolous populations. In particular, it has been reported that

metallicolous populations are of polyphyletic origin (Verbruggen et al. 2009). In

other hyperaccumulators such as Sedum alfredii (Crassulaceae), both Zn and Cd

hyperaccumulations are not constitutive at the species level but confined to

metallicolous populations (Deng et al. 2007; Yang et al. 2006). The distinct

intraspecific variations in S. alfredii provide very useful potential material for

genetic and physiological dissection of the hyperaccumulation trait in a species

not belonging to the Brassicaceae family. In N. caerulescens the variation in Cd

accumulation among populations is correlated with the variation in Zn accumula-

tion suggesting the hypothesis of common determinants for Cd and Zn hyperaccu-

mulation (Verbruggen et al. 2009). However, N. caerulescens populations from

southern France do not show such a correlation (Escarré et al. 2000), indicating that

molecular mechanisms correlating Zn and Cd accumulation are variable among

populations and no simple conclusions can be drawn about the hyperaccumulating

phenotype even in a constitutive hyperaccumulator.

Ni hyperaccumulation in N. caerulescens also shows considerable variation and

seems to be confined to serpentine populations. Moreover, Ni tolerance and Ni

accumulation are not correlated (Richau and Schat 2009). Concerning the prefer-

ence for Zn and Ni, the Turkish serpentine endemicsMasmenia rosularis, Noccaea
violascens, and Thlaspiceras oxyceras (all species formerly included in Thlaspi
s.l.), contrarily to N. caerulescens, do not seem to take up Zn over Ni, suggesting

that different strategies for Ni hyperaccumulation may have been evolved within

the tribe Noccaeeae (Peer et al. 2003). Recently (Kazakou et al. 2010), in an effort

to characterize the Ni hyperaccumulation capacity of the serpentine endemic

Alyssum lesbiacum over all its distribution area, large inter-population differences

were recorded and related to soil Ni availability. Extreme intra-specific variation

for Ni has also been found in the South African hyperaccumulator Senecio
coronatus (Boyd et al. 2008) for which differences in elemental content of, e.g.,

Ca, Fe, Mn, and Zn have recorded. Intra-specific variability in metal uptake has also

been shown for other metals such as Mn in Gossia bidwillii (Myrtaceae) (Fernando

et al. 2007).

14.5 Phylogenetic Pattern of Ni Hyperaccumulation

in Alyssum and Its Relatives

Hyperaccumulation of nickel is a rare physiological adaptation shared worldwide

by a small number of serpentine endemic or subendemic plants (ca. 360 species),

especially at tropical and subtropical latitudes. Despite the fact that a large amount

of tropical flora is still waiting to be studied, the relatively few Ni hyperaccumulator

species we know, even in the richest and best known serpentine floras of Northern
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hemisphere, suggest this ability is unlikely shared by more than a small percentage

of the metallophytes all over the world.

The Brassicaceae is undoubtedly the widest and most diversified group of

Ni hyperaccumulators, with up to 83 species distributed in 8–12 genera (see Checchi

et al. 2010 and references therin). The traditional morphological classification of this

family, mainly based on homoplasic characters such as the fruit shape or dehiscence,

was recently shown as widely artificial by a molecular phylogenetic approach

(reviewed inKoch andAl-Shehbaz 2009). Following the deep ongoing rearrangement

of intrafamilial taxonomy, inspired by a monophyly criterion, hyperaccumulators of

Ni in the Brassicaceae can be now referred to only 5 out of the 35 natural tribes (Koch

and Al-Shehbaz 2009; Cecchi et al. 2010): Aethionemaeae (1 species), Alysseae (56),

Cardamineae (1), Noccaeeae (24), and Schizopetaleae (1). Within the Alysseae they

are circumscribed to the genera Alyssum (50), Bornmuellera (5), and Leptoplax (1),
and their main specific diversity occurs in Anatolia and the Balkans, which include

some of the largest serpentine outcrops in Europe and one of the richest serpentine

floras in the world (Brooks 1987; Stefanović et al. 2003).

As already noted above, the unusual behavior of such plants with respect to the

presence of Ni does not bear necessarily to a true “dependence” on that metal or

tolerance of it, but rather to a facultative advantage in synecological dynamics.

Nevertheless, because Ni hyperaccumulators are almost absent on ultramafics

which were involved by glacial phenomena during the Quaternary (Proctor and

Nagy 1992), it could be suggested that they need a long time to develop either such

physiological adaptations or a preadaptive genetic pattern (from which they can

easily differentiate when metalliferous soils outcrop). Indeed, one of the most

intriguing topics concerning metallophytes is their evolution from nonmetallophyte

ancestors, which is also a good starting point to approach the genetic bases of such

specialization. The distribution of hyperaccumulators (not only Ni hyperaccu-

mulators) through the angiosperms is highly uneven, with a few groups covering

the main percentage of the total alone, but it is unclear how many times hyperaccu-

mulation of a given metal evolved in a given group, and whether this specialization

represents a widespread a homoplasic character or is mainly a synapomorphic trait

restricted to given lineages. Today, a very few researches are dedicated to the origin

of serpentine and heavy metal adaptation at the superspecific level (Broadley et al.

2001; Jansen et al. 2002, 2004; Patterson and Givnish 2004; Cecchi and Selvi

2009), and the only ones regarding Ni hyperaccumulation just deal with Alyssum
species and their relatives (Mengoni et al. 2003a; Cecchi et al. 2010).

In order to assess the actual relationships among Ni-hyperaccumulating

Alysseae and the significance of physiological adaptation from an evolutionary

point of view, nuclear ribosomal internal transcribed spacer (ITS nDNA) sequences

have been recently obtained for comparison from a wide sampling of species and

populations, and their phylogenetic pattern was reconstructed at the tribal, generic,

and specific levels (Cecchi et al. 2010). This also allows the development of a

clearer and more practical taxonomy of European hyperaccumulators in this group,

and the identification of suitable model systems consisting of phylogenetically
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related taxa for comparative studies of the molecular mechanisms of metal

hyperaccumulation, and for practical applications.

Both morphological, caryological, and molecular data agree with a double origin

of this specialization within the tribe, namely the clades of Bornmuellera/Leptoplax
and that of Alyssum. Despite the fact that several metal-tolerant species in the latter

are able to grow on serpentine soils, hyperaccumulation is restricted to the mono-

phyletic sect. Odontarrhena, a widely polymorphic group which accounts some 50

species in the Mediterranean and Irano-Turanian regions. It has been suggested that

this should deserve the position of an independent genus because of the

paraphyletic structure of Alyssum s.l. (Warwick et al. 2008).

In the clade including the Greek endemic Leptoplax emarginata and the very

closely related west Mediterranean and Irano-Turanian species in the genus

Bornmuellera, Ni hyperaccumulation must be probably considered as one of the

traits they inherited from a common ancestor, thus reducing the total number of

natural groups where this physiological character has occurred. By contrast, in

Odontarrhena it must have evolved multiple times as a consequence of a complex of

preadaptive, genetic traits shared by all the taxa of this group.

Such a different frequency of evolution of metal tolerance, depending on the

phylogenetic depth, has been observed for obligate serpentinophytism even in tribe

Lithospermeae of Boraginaceae (Cecchi and Selvi 2009), and is in line with the

results of similar phylogenetic inferences for serpentine adaptation in Calochortus
(Patterson and Givnish 2004) or Al accumulation in the Ericales (Jansen et al. 2002,

2004). Obligate serpentine taxa in Lithospermeae and Ni hyperaccumulators in

Alysseae also share a similar evolutionary pattern regarding their ancestry among

nonserpentine taxa; in both the cases, these sister groups of serpentine endemics are

strictly basophilous and xerophytic plants growing on limestone, or even dolomite

rocks, with a high magnesium content. Thus, there is evidence that the combined

tolerance to an ultrabasic pH value, dry environments, and, especially, high levels

of magnesium in the soil may be key factors for the evolution of serpentinophile

(then hyperaccumulator) plants.

14.6 Alyssum bertolonii

One of the earliest reports in the scientific literature about the strict connection

between plants and geology dates back to over four centuries (Cesalpino 1583),

when the Italian botanist Andrea Cesalpino observed the crucifer currently known

as A. bertolonii (Fig. 14.2) growing on black stony soils of the Upper Tiber Valley

in Tuscany (Vergnano Gambi 1992). Its discovery as a curious and bizarre case of

evolution was in the late 1940s, whenMinguzzi and Vergnano (1948) discovered its

uncommonly high concentration of nickel in its leaves. Since then, some studies

have attempted to investigate the physiological mechanisms of its Ni tolerance and

hyperaccumulation. For example, Gabbrielli et al. (1991) found that A. bertolonii is
characterized by a higher Ni tolerance as compared to other serpentine
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nonaccumulator species. The hypertolerance strategy confers high costs, but is

important for surviving in unfavorable serpentine conditions, thus determining

the inseparable connection between hyperaccumulators and serpentine soils.

Gabbrielli and Pandolfini (1984) showed, instead, that in A. bertolonii the internal
Ca and Mg concentrations possibly counteract Ni toxicity or in any case enhance Ni

tolerance, through physiological mechanisms still unknown. However, Marmiroli

et al. (2004) investigated the Ni distribution in its tissues and found a specific

pattern of nickel distribution, with the highest concentrations present in paren-

chyma and sclerenchyma cells for the roots, while in the shoots, the highest

amounts of nickel were found in the stem epidermis, the leaf epidermal surface,

and the leaf trichome base.

In terms of biogeochemical interactions, serpentine soils are well known to

markedly differ in their cation concentrations as they are derived from rocks

occurring under a wide range of climates, from temperate to tropical regions

(Kruckeberg 2002). Galardi et al. (2007a) showed that even at the local scale of

the distribution of A. bertolonii, mainly central Italy, there could be statistically

significant heterogeneity in the levels of cations of these soils, probably due both to

microclimatic factors and to differences in the composition of the original rocks

Fig. 14.2 Alyssum bertolonii. (a) Habit (fruiting plant); (b) early inflorescence; (c) ripe fruit

(silicula) with seed. Scale bar is 1 cm in (a) and (b) and 1 mm in (c). Drawing by L. Cecchi
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between different outcrops. In that study, for example, Ni concentration spanned

a wide range of values, from around 1,000 mg g�1 to more than threefold higher,

while an Ni mean value of 2,000 mg g�1 DW was reported by Brooks (1987) for

serpentine outcrops. That heterogeneity in soil Ni concentrations was shown to

generate substantial differences in mineral element concentration between

A. bertolonii populations, as Ni shoot concentrations showed a fivefold range,

from 4,000 to 21,000 mg g�1 DW. The scale of concentration variation of the

other elements was similar to that of nickel, irrespective of their absolute values.

Moreover, in the study of Galardi et al. (2007a) it was also demonstrated that

A. bertolonii was not only a well-known faithful indicator of serpentine soils for

geobotanical prospecting but also a useful tool for biogeochemistry as, in the case

of nickel and cobalt, it is representative of the degree of mineralization of the

soil. A previous population genetic study (Mengoni et al. 2003b) showed that

A. bertolonii populations are strongly genetically distinct from each other

and that a relatively high genetic heterogeneity does exist within the same

population (Fig. 14.3). Furthermore, in the same study a clear relationship

between geographical isolation and genetic differentiation of populations has

been found. Evaluating the relationship between soil and plant metal concentra-

tion differences among outcrops and population genetic diversity, at the intra-

population level, a hypothetical edaphic effect on the genetic diversity of

populations was suggested, i.e., the more variable the soil Ni concentrations

were, the more genetically variable were the plant populations. Thus, Ni concen-

tration variability of soil seems to be an important factor shaping A. bertolonii
genetic diversity. Considering the geographical distribution of the outcrops

(Fig. 14.4), Galardi et al. (2007a) suggested also that the center of diversity,

then possibly the center of origin, of A. bertolonii was in the outcrop with the

Fig. 14.3 Pattern of genetic relationships among Tuscan A. bertolonii populations. The neighbor
joining method was applied to an average squared distance matrix among populations. Scale bar
indicates average squared distance (Microsat 1.5). Original data from Mengoni et al. (2003b)
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lowest Ni concentration and that from there, plants might have diffused into the

other outcrops with higher Ni concentrations.

After having demonstrated for the first time that there can be significant variation

in Ni tolerance and hyperaccumulation in populations of a species endemic to

metalliferous soils, such as A. bertolonii, and that their relationship was positive,

Galardi et al. (2007b) compared data obtained in hydroponic tests with data on

metal concentration collected in the field, in order to assess the effects of local soil

and plant metal concentration on Ni tolerance and accumulation. In the field, a

positive correlation has been found between soil Ni concentration and shoot Ni

concentration (Galardi et al. 2007a), but neither of these measures seemed to be

related to the considerable differences in Ni tolerance and accumulation levels

measured under controlled conditions. Hence, in contrast to the general notion that

the least tolerant populations are found on the least metalliferous soils, with

tolerance being a result of adaptive evolution in response to soil toxicity (Pollard

et al. 2002), A. bertolonii populations do not show this particular feature. Variation

Fig. 14.4 The patchy distribution of serpentine outcrops in Tuscany (Central Italy). Highlighted
areas and names in bold indicate localities where A. bertolonii populations were sampled in the

study by Mengoni et al. (2003b)
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in Ni tolerance and accumulation also shows no relationship to the variation in

genetic diversity that was found by Mengoni et al. (2003b) for A. bertolonii
populations. So genotypic differences in Ni tolerance and accumulation do not

seem to be the main cause for generating the differences in shoot Ni concentrations

shown by A. bertolonii populations in the field (Galardi et al. 2007a), whereas the

nickel “serpentine factor” has been demonstrated to play a significant role (Galardi

et al. 2007a).

14.7 Conclusions

Recent studies on the special features of interactions played between serpentine

hyperaccumulators and soil substrate are highlighting more and more the role of

genetic background, physiological constraints, and facilitated variation in the

evolution of metal hyperaccumulation from nonaccumulating relatives. Very

recently, evidence has shown that Cd tolerance and accumulation are not indepen-

dent in Cardaminopsis halleri (Willems et al. 2010), as well as the important role

played by both genes (sets of genes) and environmental interactions in the evolution

of Zn tolerance and hyperaccumulation (Frérot et al. 2010). Similar evidence has

also been suggested by field and population studies on A. bertolonii which have

shown a high degree of heterogeneity of population metal concentrations, Ni

tolerance, and hyperaccumulation capacities as well as a strong positive linear

relationship between Ni tolerance and hyperaccumulation and Ni in plants and

soils. These features render A. bertolonii an attractive model for studying evolution,

both physiological and molecular, of the most striking feature produced by the

interactions of biological systems with the geological substrate–metal

hyperaccumulation.
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Bani A, Echevarria G, Sulçe S, Morel JL, Mullai A (2007) In-situ phytoextraction of Ni by a native

population of Alyssum murale on an ultramafic site (Albania). Plant Soil 293:79–89

Bert V, Bonnin I, Saumitou-Laprade P, De Laguérie P, Petit D (2002) Do Arabidopsis halleri from
nonmetallicolous populations accumulate zinc and cadmium more effectively than those from

metallicolous populations? New Phytol 155:47–57

Boyd RS (2004) Ecology of metal hyperaccumulation. New Phytol 162:563–567

Boyd RS (2007) The defense hypothesis of elemental hyperaccumulation: status, challenges and

new directions. Plant Soil 293:153–176

Boyd RS, Davis MA, Balkwill K (2008) Elemental patterns in Ni hyperaccumulating and non-

hyperaccumulating ultramafic soil populations of Senecio coronatus. S Afr J Bot 74:158–162
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