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Abstract

Lichens and free-living fungi are known to exhibit three metal uptake
mechanisms: (1) an extracellular uptake via an ion exchange process, (2)
intracellular accumulation, and (3) trapping of metal-rich particulates. As a result
lichens have been found to be excellent biological monitors of metal deposition
around industrial centers and fungi have been proposed for decontaminating
effluents contaminated by metals. The mechanisms and characteristics of metal
uptake by lichens and fungi are still only partially understood; this review
highlights the areas of uncertainty and proposes that some of the methods used to
study free-living fungi might be applied to lichens and vice versa. Such research
would elucidate the uptake mechanisms and enhance the potential of these plants
for industrial use or as biological monitors.
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1. Introduction

The remarkable ability of lichens to accumulate a range of elements, from
the alkali metals and their isotopes like Cs137 to the heaviest of the transition
metals such as lead and mercury or even the transuranic series, has been
established unequivocally in the last twenty years (Richardson, 1992).
Taxonomically, the fungal components of over 90% of lichen species are related
to ascomycete fungi but there are also, especially in the tropics and subtropics,
lichens with basidiomycete partners. The ability of free-living fungi, of either
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group, to accumulate metals has been known for a long time. The application of
this for industrial purposes was suggested for uranium by Galun et al. (1983,
1984) and for other metals by Siegel et al. (1986) and Galun et al. (1987a). In
recent years, the use of fungi for the removal of metals from industrial process
streams has been evaluated and found effective (Muraleedharan et al., 1994;
Fourest and Roux, 1992).

Certain lichens are better at accumulating metals than others; for example,
Cetraria nivalis was consistently better at accumulating lead?!0 than Cladonia
mitis (Thomas et al., 1994).  Interspecific calibration factors have been
calculated for different lichens used in monitoring studies which have had
limited applicability (Folkeson, 1979; Sloof and Wolterbeek, 1993).
Similarly, the mycelium of different genera of fungi has been shown to vary in
metal accumulating ability (Fourest and Roux, 1992; Mullen et al., 1992). What
are the causes of the observed variation? Is it just a question of lichen
morphology, with the more flattened Cetraria nivalis providing a greater
surface for wind and rain impaction than Cladonia mitis (as suggested by
Thomas et al., 1994), or are chemical and anatomical characteristics also
involved? Little experimental work has been done to address these questions.

It has been established that lichens are effective accumulators of metals
because they take up soluble metal ions very rapidly (within about one hour)
via an extracellular ion exchange process (Nieboer et al., 1976). This may be
accompanied by a slower, probably energy-dependent intracellular
accumulation of metals. Lichens also accumulate metal-rich particulates, a
process which probably begins within 24 hours, judging from studies on free-
living fungi (Singleton et al., 1990) and reaches equilibrium with deposition in
the environment within four months (Gailey et al., 1985). The ability of free-
living fungi to accumulate metals by all these processes has been documented
recently (e.g., Pumpel and Schinner, 1993; Starling and Ross, 1990; Singleton et
al;, 1990).

2. Extracellular ion exchange

It is well established that lichens accumulate soluble metal ions via an ion
exchange process in which the entering ion displaces hydrogen ions or ions of
other more weakly bound metals from the binding site on or in the cell walls.
Studies on the characteristics of binding and metal ion affinities indicate that
the fixed anionic groups in the lichens are probably carboxylic acid or
hydrocarboxylic acid in nature (Puckett et al., 1973; Nieboer et al., 1976). More
circumstantial evidence for this was recently deduced (Richardson et al., 1985;
Dempsey et al., 1992). In free-living fungi, metal binding (or biosorption as
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many mycologists term it) is greater in some fungi than in others; for example,
Fourest and Roux (1992) found that metal ion uptake by Rhizopus arrhizus was
higher under natural pH conditions than by Penicillium chrysogenum or
Aspergillus niger, but at pH 7 there was virtually no difference in binding
capacity. They explained this in terms of the higher proportion of chitin and
chitosan in the cell walls of Rhizopus. However, other extracellular products
such as phenolic polymers can also bind metal ions strongly (Mullen et al,,
1992). In a comprehensive recent review, Gadd (1993) concluded that a variety
of potential sites may be involved including carboxyl, amine, hydroxyl,
phosphate and sulphydryl groups although their relative significance is
difficult to resolve. Primary interactions probably involve carboxyl and
phosphate groups. Nuclear magnetic resonance (NMR) has been used to
provide direct experimental evidence that the cadmium and copper binding
ligands in the alga Stichococcus bacillaris are carboxylic acid in nature (Majidi
et al, 1990; Zhang and Majidi, 1994). Another technique, electron
paramagnetic resonance (EPR), has been used to show that the metal
biosorption sites in the fungus Ganoderma lucidum are oxygen dominated with
the structural polysaccharides of the fungal wall being the main sites of
interaction (Muraleedharan and Venkovbachar, 1994). Similar studies are
clearly needed on a range of lichens. The rhizinae of lichens such as Peltigera
often have a greater binding capacity than the remainer of the thallus (Goyal
and Seaward, 1982; Brown, 1991). It would be interesting to use NMR and EPR
to determine whether there are both more binding sites per unit mass and/or
perhaps different types of binding sites on these structures.

Electron microscope studies have shown that metals such as lead bind
effectively to the hyphal walls of lichens (Lawrey, 1977; Jones et al., 1982) and
more recently colorimetric methods have been used to show that the cortex is an
effective area for adsorption of this metal (Garty and Theiss, 1990).

Modern electron microscopes with electron probes should reveal in more
detail exactly where different metals bind to lichens and free-living fungi. A
start on this type of research has involved studying the routes of water and
organic solute translocation in Lobaria, Parmelia, Peltigera and Xanthoria
(Honegger and Peter, 1994). In the moss Hylocomium splendens, Doyle (1981)
showed, using transmission electron microscopy (TEM), that at low
concentrations, uranium bound throughout the cell wall, whereas lead was
restricted to the outer and innermost layers of the thick leaf cell walls in this
plant. This difference may have reflected the greater binding affinity of lead
for protein components in the outer layers of the moss cell wall and at the inner
cell wall/cell membrane interface (Nieboer and Richardson, 1980). TEM was
also used by Galun et al. (1987b) to investigate uranium uptake in the free-
living fungus Penicillium digitatum. With relatively high uranium
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concentrations in the incubation medium, they discovered conspicuous crystal-
like deposits both on the surface of the hyphae and inside the cells near the
cell walls. Some elements like calcium sodium and magnesium are more easily
displaced from metal binding sites than others such as lead, iron and uranium l
and seasonal variability is often observed (Prussia and Killingbeck, 1991).

3. Particulate trapping ‘

Many studies have shown the effectiveness of lichens in trapping
atmospheric particulates and reflecting deposition patterns of metals in the 1
environment (Herzig et al., 1989). However, it is still unclear exactly where
the metals accumulate and how this occurs. It is generally accepted that much
of the particulate material accumulates within the loose hyphal weft of the
medulla region of lichens. How do the particulates reach this area? Electron
microscope studies reveal pores and holes in the upper surface of some lichens
but others appear to have an upper cortex which is reasonably well sealed,
presumably by polymers such as lichenins and isolichenins. It is unlikely that
particulates enter via the growing margins of the thallus lobes because these
exhibit a lower concentration of metals (Hale and Lawrey, 1985).

Free-living fungi also take up particulates from suspensions including zinc
dust, sulphur and clays, accumulating up to 60% w/w within 24 hours. The
process appears independent of fungal metabolism. However, the uptake of
sulphur particulates is decreased by the presence of copper ions and stimulated
by magnesium ions, possibly by creating ionic bridges between the cell walls
and the sulphur particles (Singleton et al., 1990). Mucor flavus mycelium has a
net negative charge and probably attracts the positively charged edges of the
clay particles. In addition, hydrogen bonding between B glucans on the outer
surface of the fungal walls and the waters of hydration of the clay particles
may also be a mechanism of particulate adsorption. Similar experimental
studies on the ability of lichens to adsorb these types of particulates should be
carried out. A parallel study using electron microscopy to discover the site of
accumulation would also help to elucidate particulate trapping in lichens.
Such research would augment wind tunnel and modelling studies using lichens
and help determine the fate of trace element particulates in the environment
(Schuepp, 1984; Milford and Davidson, 1985).

Dl - —— S L iy

4. Intracellular uptake

In lichens, intracellular uptake of metals has been extensively studied by
Brown and co-workers (Brown and Brown, 1991; Brown and Avalos, 1993),
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particularly in respect of cadmium ions. The intracellular uptake of cadmium
in Peltigera membranacea followed the behavior of transmembrane transport
systems in other organisms and is probably energy requiring. The rate of uptake
strongly correlates with the quantity of cadmium bound to the cell wall
exchange sites. Calcium may be indirectly involved in the control of cadmium
uptake by virtue of its role in maintaining membrane integrity and as an
intracellular messenger. Cadmium uptake is not directly related to calcium
transmembrane carried systems (Brown and Avalos, 1993) as has been found in
mosses. Unfortunately, it is not possible as yet to produce protoplasts of lichen
fungi collected from their natural habitat so that intracellular uptake can be
studied in the absence of the cell wall as has been done in free-living fungi
(Starling and Ross, 1990). The sequential elution techniques devised by Brown
and co-workers could usefully be applied to studies on free-living fungi (Brown
and Brown, 1991). It would be interesting to discover similarities and
differences between symbiotic and non-symbiotic fungi using this technique.

5. Ecological and economic considerations

The value of lichens as biological monitors around metal-emitting industrial
activities has been widely accepted (Richardson, 1992; Richardson et al,
1995). Such studies have even been made a condition of industrial waste
permits for electricity generating stations. In monitoring studies, the question
as to how quickly lichens reflect a change in metal deposition pattern is
frequently raised. From transplant studies we know that they reflect metal
deposition within about four months (Gailey et al., 1985), but how quickly do
they respond to falling pollution levels? The physiological basis for mineral
cycling in lichens has been recently reviewed by Brown and Brown (1991) and
Knops et al. (1991). Experimental data on the temporal changes following
closure of an industrial complex in south-west Louisiana, USA, has started to
provide reliable answers to this question (Walther et al., 1990). They
discovered that the mean residence time of metallic elements in the lichens
Parmotrema and Ramalina ranged from 1.7 years for aluminium to 3.5 years for
zinc. The collected lichen thalli were much older than this, so the question
arises as to what factors cause the residence time to be short.

While some elements, such as potassium, can be easily washed from lichens
when dry lichens are suddenly soaked by rain (Prussia and Killingbeck, 1991),
it is difficult to understand how other metals such as Fe, originally
accumulated as particulates, are lost. Are such metal particulates dissolved by
the lichen compounds, or are they somehow displaced by freshly deposited
particulates with higher electrostatic charge? If so, does this mean that the
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bulk of particulates are adsorbed to the surface layers of the lichen rather than
being located in the thallus interior? These are aspects which urgently need
experimental study.

The effectiveness of lichens and fungi as biosorbants for metal ions and metal
particulates has recently been demonstrated. Waste mycelium of Rhizopus
arrizus grown by the fermentation industry to produce lipase has been shown to
have commercial potential for removing metals from contaminated effluents.
Non-viable granular yeast biomass is also capable of adsorbing over 99% of
zinc, chromium and copper from electroplating waste water, although only
about 50% of chromium was removed from tannery effluent (Brady et al., 1994).
Penictllium pellets, grown on a mixture of sewage wastes and glucose, have been
used directly to pack columns that provide excellent scavengers for waters
containing low metal concentrations (Pumpel and Schinner, 1993). Similarly,
the lichens Bryoria and Letharia, when immobilized in silica gel, concentrate
dissolved metals tenfold from drinking water and compare favorably with
commercial chelating resins (Ramelow et al., 1993). Lichens have also been
shown to have useful applications for modifying carbon paste electrodes for
the determination of metal ions in multi-element and speciation studies
(Dempsey et al.,, 1992). Such applications can best be realized if we extend
fundamental research to provide a better understanding of the basis of metal
uptake by lichens and fungi. It is hoped that this review draws attention to
areas that urgently need additional study.
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