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Phytomining is the production of a ‘crop’ of a metal by growing high-biomass
plants that accumulate high metal concentrations. Some of these plants are
natural hyperaccumulators, and in others the property can be induced.
Pioneering experiments in this field might lead to a ‘green’ alternative to
existing, environmentally destructive, opencast mining practices.
Phytomining for a range of metals is a real possibility, with the additional
potential of the exploitation of ore bodies that it is uneconomic to mine by
conventional methods.

ations of heavy metals are known ago phytoremediation. The trials were carried
hyperaccumulatotsThe concentrations out at the US Bureau of Mines (Reno
accumulated are 100 times those that occur ievadaj® on a naturally occurring stand
non-accumulator plants growing in the samef Streptanthus polygaloid€&ig. 1), which
substrates. For most elements the threshold a species known to hyperaccumulat
concentration is 1000g g * (0.1%) dry mass, nickeP. The soil at the site contained abou
except for zinc (1000@g g %), gold (1wg g™  0.35% nickel, well below an economic con-
and cadmium (10Qg g %). About 300 species centration for conventional mining. It was
hyperaccumulate nickel, 26 cobalt, 24 coppeproposef® that a net return of $513 ta
19 selenium, 16 zinc, 11 manganese, one thab the grower could be achieved, assuming

Pants able to accumulate high concenphytominingper serather than as an adjunct
r

Fig. 1. A ‘crop’ of nickel in Strept-
anthus polygaloidegrowing on nickel-
rich soils at Red Hills near Chinese
Camp, California, USA.
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lium and one cadmiuf(Table 1). Most of that: The hyperaccumulator
these plants were regarded as scientific cure- A minimum of selective breeding producedAlyssum bertolonii
osities until it was proposétthat some might ~ plants with 1% nickel in dry mass. As a sequel to the. polygaloideprojecf=,

be used to produce a crop of a metal. Such<a The world price of nickel was $7.65Kg  experiments were carried out in Tuscany, Italy
‘phytomining’ operation would entail planting « The biomass yield after moderate fertiliz-on the potential use of the hyperaccumulator
a hyperaccumulator crop over a low-grade ore ation was 10 t hd. Alyssum bertoloniin phytomining for nickel
body or mineralized soil, and then harvesting A quarter of the energy of combustion ofin nickel-rich ultramafic (‘serpentinic’) soils
and incinerating the biomass to produce a the biomass could be turned into electricitycontaining high concentrations of chromium,
commercial ‘bio-ore’. Since the initial pro- for a yield of $131 hd. nickel and magnesiuth Fertilization (N +
posal of 1983 (Ref. 3), a US Patent has been The return to the grower would be half ofK + P) increased the biomass of reproductive
taken out on phytomining for specific metals the gross yield of $765 for the metal plusmatter threefold to 9.0 t hawithout dilution
including nicket. the energy yield of $131. of the unfertilized nickel content of 0.8%.
This compares well with the average return#\ nickel content of 0.8% in dry matter (11%
Pioneering phytomining trials from other crops, and is well in excess of thén ash) gave a nickel yield of 72 kg Ha
Following earlier proposald intensive field average profit made by wheat farmers in thélthough the nickel content of 0.8% was
trials were designed specifically to studyUSA. below the ideal threshold of 1% proposed for
the S. polygaloidestudy’®, a biomass yield
of 12t ha' can be achieved (as shown by field
trials in New Zealand, with a second crop in

Table 1. Specific hyperaccumulators that might be used for phytomining the early autumn; R.R. Brooket al, un-
published data). Assuming a biomass yield of
Element Species Concentration Biomass Refs  12tha®containing 0.8% nickel, a nickel crop
] ] of 96 kg ha*, comparable with that achieved
Cadmium Thlaspi caerulescens 3000 (1) 4 17 with S. polygaloidesshould be expected.
Cobalt Haumaniastrum robertii 10 200 (1) 4 18
Copper Haumaniastrum katangense 8356 (1) 5 18 .
Lead Thlaspi rotundifoliunsubsp. 8200 (5) 4 19 The South Afrlc§ n hyperaccumulator
Manganese = Macadamia neurophylla 55 000 (400) 30 20 Berkhey a COdd’.’ . .
Nickel Alyssum bertolonii 13 400 (2) 9 21 Pot and field trials have been carried out with
Berkheya coddii 17 000 (2) 18 22 the nickel hyperaccumulat@erkheya cod-
Selenium Astragalus pattersoni 6000 (1) 5 23 dii** to establish its potential for phytomining.
Thallium Iberis intermedia 3070 (1) 8 24 Trial plots showed that a dry biomass of
Uranium Atriplex confertifolia 100 (0.5) 10 23 22 tha*could be achieved after moderate fer-
Zinc Thlaspi calaminare 10 000 (100) € 25 tilization. Pot trials with varying soil amend-
) ) - ments of nitrogen and phosphorus fertilizers
¥Concentrations are mean highest elemental vajugg{ dry matter); values in parentheses are showed enhanced uptake of nickel with in-
equivalents for non-accumulator plants. Biomass is'tyid. creasing nitrogen addition, although there was

no response to phosphorus.
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+ Preliminary observations indicate that the

Start nickel content of regrowth tissue is signifi-
cantly higher than that of first-year growth.
* It is tolerant of cool climatic conditions
Sow including frost.
hyperaccumulator |«——mF —— « Although probably tolerant only of mild
SPEcies in area Yes winters, the plant could be grown as an an-

nual crop in areas where winters are severe.

Wait unii N Do the * It produces seed readily for future crops,

plants mature ~—2—<plants need to be and the flowers are easily fertilized by local

resown? bees; in South Africa they appear to be fer-

tilized by a local species of flying beetle.
Harvest plants and * Itappearsto be resistant to insect attack and
remove from area soil pathogens.
l No Phytomining for metals other
5 than ickel
oes . . .
Capital return area need Yes There are practical limits to ph_ytomlnFﬁg _

fertilizing? The main variables that control its economic

@ Smelt bio-ore feasibility are: the metal price, the plant bio-

mass, and the highest achievable metal con-
tent of the plant (Table 2). Metal values range
from about $15 000 000t for platinum to
about $600t for lead. At these extremes, a
plant with a biomass of 20 t Wa such as8.
coddii, would need to contain about g g*
platinum or >4% lead. To achieve either tar-
get would require some type of substrate
modification because natural concentrations

Is the soil
metal concentration high
enough for another
economic
crop?

Plough or remove of these two metals in dry plant material do
Is the ore body topsoil for exposure not usually exceed 0ydg g *for platinum and
exhausted? of fresh soil for 5ug g *for lead. The lead content of maize
cropping with a biomass of 30 t hacan be raised to

close to the economic limit of 3.0% by adding
EDTA to the substraté however, the cost of
the EDTA alone would exceed the value of the
lead extracted from the soil.
Fig. 2. Model of a possible economic phytomining system. The work on lead highlights the two main
approaches to phytominitfg The first of
these is the less expensive and involves selec-
tion of plants of high biomass that are natural
The nickel content of the plant was directlyfield trials to large-scale metal farming. It hashyperaccumulators of the target metal. The
related to its extractable fraction in ammoniunnot been possible so far to achieve experiise ofB. coddiiis a good example of this ap-
acetate in a wide range of natural and artificiainentally the 788Q.g g* nickel found in proach. Hyperaccumulator plants might real-
substrates. Excision of shoots induced a drd. coddiiwild plants; 500Gwg g nickel seems istically also be expected to be used for the
matic increase in the nickel content in the neva more realistic concentration and could proelements thallium, cobalt, uranium and nickel
growth of the whole plant (55Q0g g * com-  vide a nickel yield of 110 kg ha Adding the (Tables 1 and 2), whose world prices lie in the
pared with 180Qug g %). When plants were energy profit and assuming a 50% return to theange $6000-300 000t For the less valu-
grown in pots with 0-1% nickel added to thegrower, the value of the crop is still well aboveable metals (tin to lead in Table 2) phyto-
substrate, the metal content of the plants rogkat of a wheat crop, although worth onlymining will never be a viable proposition.
to a maximum value of about 1% dry mass. about the same as wheat if the energy bonus The second approach to phytomining relies
At the highest recorded concentration ofs discounted. The earlier work on phyto-on the concept of induced hyperaccumulation,
7880 g g * nickel in whole wild plants in mining was based on the then world price oin which a chemical complexing agent must

South Africa, a 1 ha crop &. coddiiwould  $7.65 kg* of nickel. be added to the substrate (as described for
remove 168 kg of nickel, a yield equivalentto  B. coddiihas several advantages over othdead}*. This is economic only for the most
$1285 assuming the value of nickel to beandidates for phytomining in the USA: valuable metals, such as gold, silver and the

$7.65 kg*. This, combined with the energy « Its biomass production is superior to thaplatinum-group metals platinum and palla-
derived from the combustion of the plant reported for any other hyperaccumulatodium, where the cost of the additive should be
material ($288), translates to $1311 hdf exceptAlyssum leshiacuthand is not at more than offset by the value of the product.
half of the value of the metal crop could be the expense of nickel content. In a third scenario, the use of hyperaccumu-
returned to the producer, this would represent The plant is easy to grow from seed. lator plants to decontaminate polluted géils
about twice the value of a wheat crop. « It is a perennial that can be harvested anfbhytoremediation) might result in production
Extreme caution must be applied in ex- regrown the following year without the of a ‘bio-ore’ of some commercial value to re-
trapolating the results of pot trials and limited need for resowing. coup some of the costs of soil remediation.
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they have developed a rich set of chemically In contrast to theories of chemical coevolu-
research foct mediated interactions with the community oftion, the role that plant chemistry plays in
heterotrophs that attack them, the chemicaletermining insect host choice has recently

] ecology of plants is the primary focus for refbeen questionéan the grounds that natural
Che m ICal search into the molecular and population gerenemies of herbivorous insects might play a
etics determining chemical traits. By bringingpredominant part in determining insect host

. together researchers in ecology, populatioassociation. According to this view, plant sec-
eCO|Ogy |n the genetics, biochemistry, entomology, organiondary chemistry functions in other physio-
synthesis and analytical chemistry, the instilogical roles, such as defense against UV-B
| | tute will be able to study the functional basigadiation, drought, or other abiotic stresses.
mO eCU a.r era of chemically mediated ecological interac-Alternatively, secondary metabolites might
tions in an interdisciplinary environment.  function in overflow storage or disposal of
Chemical ecology is the study of chemical waste products from primary metabolism.
interactions between organisms and theiEvolutionary history
environment. By analyzing the chemical traitdn 1888, Ernst Stahl, a professor in Jena, notedolecular approaches
that mediate interactions among organisma pattern of reciprocal adaptation betweeQuestions about the adaptive origin and cur-
(such as the attraction of mates, dispersal @lants and their insect herbivoteghe disci-  rent function of plant secondary chemistry can
offspring, defense against enemies and conpline of chemical ecology expanded throughbe addressed using methods from molecular
petition for resources), researchers have implout this centur§; and a landmark paper by biology and evolutionary genetics, particularly
cated an ever-growing catalog of compoundshrlich and Ravehhas shaped the researchvia the isolation, characterization and manipu-
However, enormous challenges remain in elutagenda in recent decades. They suggestedasion of genes Here we illustrate several ap-
cidating the roles of individual chemicals andmodel of stepwise chemical coevolutionproaches that use physiological information,
determining their evolutionary origins. For ex-between plants and insects, and proposed thaatural genetic variation, or molecular ma-
ample, many plants produce complex mixantagonistic chemical interactions betweemipulations to understand the role and conse-
tures of organic compounds that are thoughilants and their natural enemies are primarguences of plant secondary chemistry.
to be important in defense against herbivoresactors responsible for the adaptive radiation
but few experiments have demonstrated thef both plants and herbivorous insects. Thededuction experiments
function of the individual components. Gen-historical interactions may be responsible foinducible defenses may provide effective
etic and molecular methods have great poterurrent patterns, where related plant speciefefense against attack by insect herbivores,

tial for addressing these questions. have similar secondary chemistry, and closelwhile avoiding physiological costs of defehise
related insect taxa choose similar host planthen herbivory is absent. However, such pre-
Institute for chemical ecology species. sumed cost-savings and fitness benefits have

Research into the basis of the evolutionary Subsequently, the concept of coevolutiomot been demonstrated in nature. Ecological
forces that shape chemically mediated ecdias been refined to distinguish between paiconsequences of induced plant defenses can
logical interactions requires an interdiscipli-wise and diffuse coevolutiénPairwise co- be studied using the wound-induced plant
nary approach. This was the rationale for thevolution refers to a reciprocal, stepwise ‘arm&ormone jasmonic acid, which causes up-
new Max Planck Institute for Chemical Ecol-race’ between an insect species and its hostgulation of secondary chemicals in many
ogy in Jena, Germany. At a molecular levelplant. Diffuse coevolution is more common,plant speci€’s In the native, post-fire annual,
researchers are seeking to characterize amhereby several related insect species attadkcotiana attenuatéFig. 1), the level of toxic
elucidate the function of individual genes in-a range of plant species with similar chemicahicotine increases after herbivore attack and is
volved in the synthesis, storage, detection angrofiles. Although several herbivore and hosinternally activated by jasmonic acid. In 745
metabolism of the compounds that mediatepecies can have important impacts on eachatched pairs dfl. attenuatelants growing
plant—pest interactions. Because plants playathers’ evolution, tightly coevolving speciesin native populations, one member of each
central role in most ecosystems, and becaugairs are probably rate pair was treated with jasmonate methyl ester
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