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The use of bryophytes and lichens as biomonitors of atmospheric contamination, particularly contamination
by heavy metals, is a well-known and widely applied technique. Determination of the total concentrations in
organisms is often used in such studies, but has some disadvantages that may be resolved by using the
sequential elution technique (SET). This technique involves successive washing steps that enable
quantification of the elements in the different cell compartments (intercellular, extracellular, and
intracellular), and finally determination of the remaining fraction, i.e. particutate material. The key step in
the SET is the correct extraction of the extracellular fraction, for which a suitable extractant must be used for
each different element considered. We have found only seven studies that have focused on selecting
suitable extractants, which may be metal cations or chelating agents. Ethylenediaminetetraacetic acid is
presented as the most appropriate extracellular extractant for Al, Co, Cu, K, Mg. Pb, V, and Zn, for which it
has been tested, and for Cd and Fe, for which it has not yet been tested (although it is known to be capable
of extracting these elements). The only extractant that is capable of extracting extracellular Hg is
dimercaprol.

The technique has been used in laboratory studies and less often in field studies carried out in the
surroundings of focai points of contamination. The elements analysed include nutrients (e.g. Ca, K, and
Mg) and heavy metals (e.g. Cd, Zn, and Cu), usually associated with sources of emission of contaminants.
Several problems have arisen in the application of the SET, some of which must be resolved. These include
methodological problems (e.g. variability in the extraction process) and problems inherent in the SET itself,
which are more difficult to resolve. Other techniques, such as histochemical techniques and electron
microscopy with microanalysis, must therefore be used simultaneously with the SET to determine if the
uptake of metal is only extracellular. At present, in light of the disadvantages of the quantification of the
extracellular fraction, measurement of the intraceliular fraction is presented as the best option because it is
not affected by the metal burden in the particles, enables evaluation of environmental risks, better
represents the average conditions of contamination, and enables better evaluation of phytotoxicity.
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Introduction actual impact of the metals in many of the organisms

The use of bryophytes and lichens as biomonitors of
atmospheric contamination, particularly contamina-
tion by heavy metals, is a well-known and widely
applied technique (Tyler, 1989). Studies usually focus
on the deposition of contaminants, by determining
the total concentrations of elements in the study
organism. While this may provide some measure of
the contamination gradients involved and insights
into how local conditions may alter distribution
patterns, more valuable information can be obtained
by a more refined analysis of plant composition.
Total analyses may also greatly misrepresent the
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concerned. Despite this disadvantage, determination
of the total concentration of elements is still in
widespread use, and is applied to unwashed samples
of orgamisms (see e.g. Harmens er al., 2008), to
evaluate atmospheric deposition, or to washed
samples (Markert et al, 1999), in an attempt to
evaluate those elements theoretically available to the
organism.

The sequential elution technique (SET), in which
the elements in the difterent cellular locations are
quantified, is an alternative method that may resolve
the above-described disadvantage. The definition of
each of the cellular locations obtained in the SET is
very precise and facilitates toxicological interpreta-
tion of the results. Data on the total concentration of
contaminants are more difficult to interpret if they
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are not obtained as the sum of the different fractions
analysed by the SET. This technique provides more
mformation about the bioavailability of contami-
nants and the associated risks, about the temporal
representativeness of the bioconcentrated contami-
nants, and about the toxic effects of these.

Since it was first used (Brown & Slingsby, 1972), the
SET has been applied to cryptograms (mainly bryo-
phytes and lichens) and has only been used with algae
in two studies (Costas & Lopez, 2000, 2001). The
organisms most commonly used with the SET are
bryophytes (73%), followed by lchens (22%), although
in other studies both types of organisms have been used
together (5%) (Table 1). The genera of bryophytes most
commonly used are Pseudoscleropodium and Rhytidia-
delphus (22% of total cases in both), Fontinalis (12%),
and Hylocomium (12%), whereas species of Pleurozium,
Brachythecium, Funaria, Grimmia, Hypmaen, and Rhyn-
chostegium have been used in <10% of cases (Table 1).
The genera of lichens most commonly used have been
Peltigera (7%). followed by Cladonia and Ramalina
(both 5%) and less frequently, Hypogymmia and
Pseudevernia,

With regard to the structure of this review, we first
describe the different cellular locations that can be
studied with the SET, along with the form in which the
elements may reach these locations, which depends on
different factors. We then focus on the technique itself,
its development throughout studies in which it has
been used, and on the problems that have arisen, some
of which are still relevant. This review focuses on
bryophytes and hchens as these are the organisms
most commonly used as biomonitors with the SET,

Cellular Locations

Mineral elements can be located at a number of cellular
sites. The main fonmns and locations in which metals can
be recovered from bryophytes and lichens are explain-
ed below, following information derived from using
the SET (Brown, 1995): (1) intercellular; elements in
solution that bathe the exterior of the cell wall matrix
and the cell membrane but that are not bound to the
cells: (2) extracellular: elements bound to the cell wall
and outer layer of the plasma membrane; (3) intracel-
lular: elements present within the cytoplasm or within
cell organelles, as well as those bound to the internal
layer of the plasma membrane: and (4) particulate:
composed of extracellular particles and/or insoluble
particles corresponding to crystalline deposits from
inside the cells. The extra~- and intracellular Jocations, as
well as the particulate fraction, are described in detadl in
the following sections, as they correspond totally or
partially to bioavailable fractions,

Extracellular location
The cell wall is the structure with the greatest cation
exchange capacity in bryophytes and lichens, and
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therefore where most elements are retained. Binding is
carried out in accordance with strict physicochemical
rules and is a rapid, passive, and reversible process.
Studies with these organisms have established that
binding of a cation to extracellular cation exchange
sites may canse displacement of other cations. Selec-
tive binding depends on the nature of the elements,
their concentration, and the nature of the cation
exchange sites. In the case of bryophytes, most of the
binding appears to occur with the carboxylic groups of
uronic acids, although cell wall proteins with oxygen,
nitrogen, and sulphide groups may be involved, as well
as the lipoproteins present in the plasma membrane. It
has also been shown that the efficiency of the cell wall
in immobilizing heavy metal ions may be the main
mechanism of tolerance in bryophytes (Tyler, 1930),
which would explain, e.g. the high tolerance to Cu, Zn,
and Mn in species of the genus Mielichhoferia (Url,
1956). However, there is not yet any convincing
evidence that species with a high cation exchange
capacity in their tissues show greater tolerance to
heavy metals,

The time that cation uptake lasts shows saturation
kinetics due to the establishment of an equilibrinm
between soluble and bound ions. In the laboratory,
this equilibrium may occur within 30 minutes in a
0.1 mmol L™! solution in the moss Rhytiadelphus
squarrosus (Brown & Wells, 1988), but data published
by Mouvet (1987) for more environmentally realistic
levels indicate that in nature, the equilibrivum may be
restored later, i.e. within days rather than minutes,
and that the release may also be slower.

The wvalency of the cations is also important;
monovalent cations are less effective at binding than
divalent cations and this determines the equilibrium
between the concentration of the elements in the
environment and the exchange sites. The addition of
divalent cations may cause loss of another divalent
cation or of two monovalent cations, When equal
concentrations of different cations are added, the
concentration of bound cations depends on the affinity
of the elements for anionic binding sites. Nieboer &
Richardson (1980) classified cations on the basis of the
nature of the compounds to which they are bound: (1)
class A elements (e.g. K, Ca, and Mg), which generally
show a high affinity for O-rich ligands (such as
carboxylic groups); (2) class B elements (e.g. Hg and
Au), which show a preference for ligands rich in § and
N; and (3) borderline elements (e.g. Ni, Fe, and Zn),
with intermediate preferences. In  bryophytes, the
binding sites on the cell walls are considered to be
dominated by O-rich pectic carbohydrate polymers.
However, some data (Brown & Wells, 1988) suggest the
existence of anioric sites for class B elements, probably
proteins that are present in the cell wall matrix, or on
the external face of the plasma membrane. The
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Table 1 Use of the sequential elutlon technique in different specles of bryophytes (B) and lichens (L) in articles

published to date

Species Elements studied Extractant Experience Reference
Cladonia rangiformis (L) K. Pb Hen F Brown & Slingsby (1972}
Bryophytes Ca, K, Mg. Na St L Bates & Brown {1974)
Grimmia sp. (B) Ca, K, Na Sri L Bates (1976}
Bryophytes K, Mg. Sr Nig1y F Brown & Buck (1978a)
Funaria hygrometrica {B} Ca, K, Mg Sriay L Brown & Buck (1978b)
Bryophytes Ca. K, My Nig L Brown & Buck (1979)
Lichens Ca, K, Mg Ni¢yy L Buck & Brown (1979)
Bryophytes Ca, K, Fe, Mg Sty L Bates (1982)
Peltigera sp. (L) Cd Ni¢sy L Beckett & Brown (1984a)
Peltigora sp. (L) Ca, Cd, K, Mg. Zr. Nigsy L Beckett & Brown (1384b})
Lichen R Brown & Beckett (1984)
Rhytidiadelphus squarrosus (B) Cd Ni¢sy L Brown & Beckett (1985}
Rhytidiadelphus squarrosus (B) K Nigs L Brown & Whitehead (1986)
Rhytidiadelphus squarrosus (B)  Ca, Cd, K, Mg Nigy) L Wells & Brown (1987)
Pseudoscieropodium purum (B)  Ca, K, Mg Sy L Bates (1987)
Bryophytes R Brown & Welis (1988)
Pleurozium schreberi (B) Ca, K, Mg Sty L Bates & Farmer (1990}
Rhytidiadelphus squarrosus (B Ca, Cd, K, Mg Nigyy L Wells & Brown (1990)
Rhytidiadelphus squarrosus (B}  Cd, K, Zn Ni¢1y L Brown & Welis {1990a)
Bryophytes R Brown & Wells (1290b)
Bryophytes + lichen Ca, K, Mg Sre, F Farmer et al. (1991)
Lichen R Brown & Brown {1991}
Bryophytes R Bates (1992)
Bryophytes R Brown & Sidhu (1992)
Rhytidiadelphus triquetrus (B) Al, Ca. K, Mg Sriyy L Bates {1993)
Peltigera membranacea (L.} Ca, K Ni; 1 L Brown & Avalos (1893)
Brachythecium rutabuium (B) Ca, K, Mg St L Bates (1994}
and Pseudoscleropodium
purum {B)
Ctadonia portentosa (L) Ca, K, Mg, Pb Niesy L Branguinho & Brown (1994)

CU(c)

Ni(g) o+ CU{c-}

EDTA

Ethylene glycol

{etraacelic acid

Glutatione

Ammonium

pyrrolidine

dithiocarbamate
Rhytidiadelphus squarrosus (B)  Ca, Cd, K, Mg Ni; 13 L Wells ef al. (1995)
Bryophytes R Brown (1395)
Bryophytes Zn Nigs L Sidhu & Brown (1996)
Hylocomjum splendens (B) Ca, K, Mg, Zn Nigyy F Brown & Bramelis {1936)

Nicz)

Pbe)

Ni“)+ Pbgzj
Hylocomium splendens (B) Ca, K, Mg, Zn Ni; 1) F Bramelis & Brown {1997)

L

Brachythecium rutabulum (B) Ca, K, Mg Srry L Bates (1997)
and Pseudosclgropodium
purum (B)
Lichen Ca. Cu, K, Mg Ni¢y, Branquinho ef a/. (1997a)

EDTA

Pbe
Lichen Ca. K, Mg. Pb Nigsy L Branquinho et al. (1597b)

EDTA
Hylocomiurm splendens (B) Cu, Pt. Zn Ni; 1) F Brumelis &t a/. (1999}
Ramalina fastigiata (L} Cu, K, Mg Nigz; F Branquinho et a/. {1999}

EDTA L
Fontinalis antipyretica (B) Al, Ca, Cd, Co. Cu, K, Ni¢1y L Vazguez et al. (19292)

Mg, Na, Ni, Pk, Zn

EDTA

e
Bryophytes Cd, Co, Cu, K, Mg, Ni, Pb, Zn  Ni;qy L Vézquez et ai. (1999b;

EDT
Ramalina canariensis (L) Ca, K, Na, Mg Nigry F Figueira et al. (1939)
Rhynchostegium Cu EDTA L Mouvet & Claveri (1999)
riparioides (B)
Fontinalis antipyretica (B} Al, Ca, Cg, Cu. K, Mg, Ni EDTA F Vazquez et al. (2000)

Ni 1y L
Hylocomium splendens (8) Ca, K, Mg Niy F Bramelis et af. (2000)

L
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Species Elements studied Extractant Experience Reference
Bryophytes and lichen Cd, Cu, K, Pb Srey L Badacsonyi et al. (2000)
Lichen Ca, K, Mg, Mn Nigyy L Hauck et ai. (2002}
Pleurozium schreberi and Ca, K, Mg, Fe Nigyy L Bharali &
Rhytidiadelphus triguetrus (B) Sty Bates (2002)
Pleuroziurn schreberi and Ca, K, Sr Nigyy L Bharali & Bates (2004)
Rhytidiadelphus triquetrus (B)
Pseudoscleropodium Cu, K, Mg, Fe, Zn Nig1s F Fermandez et al. (2004)
purum (B)

EDTA
Hylocomium splendens (B) Ca, K, Mg Nigyy F Bramelis et al. (2004)
Fontinalis antipyretica and Cd Nigyy L Bleusl et al. {2005)
Fontinalis dalecarlica (B}
Fontiralis antipyretica (B} Al, Co, Cu. Ni, Zn Ni 1 F Fernandez et al. (2006)

EDTA
Pseudevernia furfuracea (L.} K Ni 1y F Tretiach st al. {(2007)
and Hypnum
cupressiforme (B)
Hypagymnia physodes (L) Cd, Cu, Fe, Pb, Zn EDTA F Mikhailova & Sharunova

(2008)

Fontinalis antipyretica (B) Cu EDTA L Ferreira et al. (2009}
Pssudoscleropodium K, Hg Cayy L Pérsz-Llamazares ef al. (2009)
purum (B)

Nigry F

Pbyz)

Sty

EDTA

Dimercaprot

Penicillarnine
Pssudoscleropodiurm Cu K, Zn Nigyy L Fernéndez et al. (2010)
purum (B) EDTA
Pseudoscieropodium K, Mg. Zn Coyy L Pérez-Llamazares et ai. {2010)
purum (B)

Nigr)

Pbia)

Sty

EDTA

Dimercaprol

Penicillamine
Pseudoscleropodium Ca. K. Zn Cayy L Pérez-Llamazares et &/, {2011a)
purum (B)

Hg(1) F

Augyy

Niey)
Pseudoscleropodium Zn, K Nig1s L Pérez-Llamazares et ai. (2611b)
purum (B)

F

Note: The elements analysed and the extraceliular extractants used in each case are indicated, as well as whether the studies were
laboratory-based (L), field-based (F), or reviews {(R) 1. metal chloride; 2: metal nitrate; *: extractant not specified. EDTA,

athylenediaminstetraacetic acid.

efficiency of the binding occurs in the following order:
class A<borderline divalent<divalent class B, although
the affinity of elements for cation exchange sites may
vary depending on the species (Brown & Wells, 1990b).

Intracellular location

Intracellular clements may occur in three different
forms within cells (Brown & Wells, 1990b): (1} as
soluble elements in the cytoplasm; (2) bound to the
inner face of the plasma membrane; and (3) dissolved
within vacuoles or other organelles (e.g. chloroplasts
or mitochondria). As it is impossible to distinguish
between these three locations, all of the above types of
elements are considered as intracellular.

Journal of Bryoiegy 2011 vou. 33 NO. 4

Intracellular uptake requires that the elements pass
through the hydrophobic plasma membrane. The pro-
cess of intracellular uptake involves molecules thal act as
membrane transporters (carriers) and display different
degrees of selectivity. The uptake is determined by the
affinity of the elements for the transporters, the speed of
transport of the carriers, the difference in the intracellular
and extracellular charge, and the presence of other
competing elements. The rate of upiake is much slower
than the extracellular binding and may be controlled
by inputs of energy, which are required for correct
functioning of the transporter (Brown & Bates, 1990).

Control of uptake to the mside of the cell is
influenced by different factors. When specific



transporters are present, one of the factors to take
into accounl is the intracellular concentration exist-
ing at that moment. Thus, even when the concentra-
tion in the exterior is high, if the intracellular
concentration is also high, uptake may not occur.
However, for elements for which there are no specific
transporters. such as Cd, and for which input is not
controlled, the intracellular concentration may
increase, independently of the previously existing
intracellular concentration (Brown & Bates, 1990).

With regard to biological interpretation of the data,
the elements present inside the cells are those that
provide most information, as they: (1) have a
potentially immediate effect on the metabolism of
the organism, and are therefore more likely to cause
toxic effects than the extracellular fractions; (2)
provide a more reliable indication of the mean
concentrations in the environment in which the
organism grows, as the changes in the environmental
chemistry may be reflected in the cell wall but not
within the cell; and (3) reflect the nutritional demand
of the cells.

Particulate fraction

The elements mncluded in this fraction may occupy
different positions: (1) bound to particles deposited
on the surface of the organism; and (2) bound to
particles included inside the cells.

With respect to the capacity for retention of particles,
different studies (e.g. Richardson & Nieboer, 1980;
Nieboer et al, 1982; Giordano ef al, 2009; Pérez-
Llamazares ef al, 2011b) provide a firm basis for the
suggestion that lichens and bryophytes are effective at
trapping mineral-rich particles of between 0.01 and
100 pm (Chamberlain & Little, 1981). The capacity to
retain particles depends on the morphology of organ-
isms, and varies depending on the species considered
(Carballeira er al., 2008), the level of hydration (Brown,
1984), and their possible handling during processing of
the samples (Giordano et al., 2009).

Description of the SET

Prior to the use of the SET, and to be able to affirm
that the concentrations measured actually correspond
to each of the above-described fractions, it must be
ensured that the permeability of the plasma mem-
brane is not altered. Otherwise, some of the elements
included in the intracellular fraction may be quanti-
fied as extracellular. The integrity of the plasma
membrane is ensured by knowing how some nutrients
(ie. K, Ca, and Mg) are distributed between the
extra- and intracellular fractions when the membrane
is in perfect condition, Displacement studies have
shown that, in general, K is located at intracellular
sites while Ca is mostly bound to the extracellular
exchange sites (see e.g. Brown & Buck, 1979; Bates,
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1982); Mg shows intermediate distribution patterns
(Bates & Brown; 1974; Pérez-Llamazares et ol., 2010).

The distribution between the extra- and intracellular
fractions is affected by species and by environmental
conditions (Bates & Brown, 1974). Among the possible
environmental conditions that may affect this distribu-
tion, the most important is perhaps the desiccation that
some terrestrial organisms may suffer. In this case,
unless severe damage occurs, the changes in perme-
ability may be reversed, as the membranes may rapidly
recover their optimal conditions. Brown & Buck (1979)
demonstrated that storage of moss samples in con-
ditions of 100% relative humidity enables the mem-
branes to recover their normal permeability. Fernandez
et al. (2010) have shown that when moss samples were
not maintained for a period in a moisture-saturated
atmosphere, washing of the materials led to loss of K, as
the membranes were altered after a period of drought in
the field.

After demonstrating that the membrane perme-
ability is not altered, the first step in the SET is to
wash the material with deionized water (sec c.g.
Brown & Wells, 1988; Brown, 1995) or bidistilled
water (see e.g. Vazquez et gl., 1999a; Fernandez et al.,
2004) to obtain the soluble intercellular fraction, It is
possible that this washing step eliminates some of the
particles from the surface of the organism.

The second step consists of submerging the sample in
a solution containing an agent capable of displacing the
extracellularly bound elements. Selection of an appro-
priate agent is essential, as it must enable effective
extraction of the elements in the fraction, without
altering the membrane permeability, Few studies have
been carried out to date with the aim of selecting
appropriate extracellular extractants (Branquinho &
Brown, 1994; Brown & Briimelis, 1996; Branquinho
et al, 1997a; Vazquez et al., 1999a; Pérez-Llamazares
et al., 2009; 2010; 2011a), and the following section of
this review will be dedicated to these studies.

The third stage refers to quantification of the
intracellular elements. For this, after the extracellular
extraction, the cell membranes are ruptured, and the
intracellular content is then extracted. For this
purpose, a sequence of washing in boiling deionized
water followed by total digestion was initially used
{Brown & Buck, 1979), although in most later studies
this was substituted by washing in dilute HNO,. In
exceptional cases, some authors have used ethylene-
diaminetetraacetic acid (EDTA) as an intracellular
extractant (Branquinho et gl., 1999; Mikhailova &
Sharunova, 2008).

The final step in the SET consists of obtaining the
particulate material. In some studies, this fraction is
determined together with the intraceliular fraction
(see e.g. Beckett & Brown, 1984a). When quantified
separately, it is usually obtained by total acid
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digestion (see c.g. Vizquez et al, 1999b; Brimelis

et al, 2004).

The first attempts to determine the cellular concen-
trations of different elements were carried out by
Brown & Slingsby (1972) working with the lichen
Cladonia rangiformis. The SET was later perfected and
began to be used with other organisms. Different
washing times and different extracellular and intracel-
lular extractants were tested until the currently used
technique was developed. The most commonly used
protocol is that published by Brown & Wells in 1988.
Slight modifications have been suggested, such as that
proposed by Vizquez ef al. (1999a), still in use today.
It is recommended that the total content is determined
in parallel, to be able to test whether the sum of the
different fractions is equivalent to the total content,
although this is not usually done. The extraction
protocol consists of the following steps:

I, Intercellular extraction: the sample is washed
(approximately 0.1 g dry weight) in 10 ml of
bidistilled water for 30 s with shaking. The material
is then removed and dried before subjecting it to
the following stage of the SET and analytical
determination of the extract.

2. Extracellular extraction: the sample is placed in
10 ml of the extraction medium, with shaking, in
two successive steps (45-+30 min); the extraction
medium is renewed between the steps. The material
is removed and dried before analytical determina-
tion of the extract.

3. Intracellular extraction: the sample is dried to constant
weight (43°C) to rupture the cell membranes, and the
dry weight is determined. The soluble intracellular
metal is then dissolved by shaking for 30 min in 10 m]
of 1 mol L™ nitric acid. The material is removed
before analytical determination of the extract.

4. Particulate fraction: the sample is dried to constant
weight (at 45°C). The residual metal and insoluble
particles are extracted or determined directly with
the selected method (¢.g. acid digestion). Analytical
determination is then carried out.

Recently, Pérez-Llamazares e¢f ol (2009) have pro-

posed a new modification that consists of determining

the contaminants directly in the sample and not in the
extracts, thus preventing the analytical interference
that may be produced between the elements and the
extractants used (e.g. dimercaprol). After these mod-
ifications, the extraction protocol consists of the same
stages, but always beginning by total extraction. The
difterence is that four times as much sample is used,
and at each stage (total determination, 1--3), an aliquot
corresponding to a quarter of the initial sample is
reserved for posterior homogenization and analysis.

The liquid extracts obtained can be discarded and the

concentrations corresponding to each fraction of the

different elements are calculated as follows:

1. particulate fraction; material determined after
stage 3;

2. intracellular fraction: obtained by subtracting the
sum of the concentrations of the intracellular and
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particulate fractions (material determined after
stage 2), from the concentration of the particulate
material (material determined after stage 3);

3. extracellular fractior: obtained by subtracting the
sum of the concentrations of the extracellular,
intracellular, and particulate f(ractions (material
determined after stage 1) from the sum of the
concentrations of the intracellular and particulate
fractions (material determined after stage 2);

4, intercellular fraction: obtained by subtracting the
total concentration from the sum of the concentra-
tions of the extracellular, intracellular, and parti-
culate fractions (material determined after stage 1).

In both protocols, it is recommended that at least
three replicates are used for each extraction, in order
to reduce the variability associated with the process.

Analytical determination

The concentration of ¢lements can be determined by
different analytical techniques. The most commonly
used techniques are: flame atomic absorption spectro-
metry for major elements, and graphite furnace
atomic absorption spectrometry for minor elements
(e.g. Cd), with concentrations expressed in ppb.

Extractants Used

As already mentioned, in the SET, it is essential 1o
use an extracellular extractant that effectively extracts
the extracellularly bound elements but does not cause
changes in the membrane permeability. One possible
way of extracting the elements from the extracellular
fraction would be to use cations that compete with
the metals for the binding sites on the cell wall and
external surface of the membrane. However, the use
of a cation as an extractant would prevent the
determination of that metal in the sample. Another
option is to use chelating agents, which are com-
pounds with a high affinity for metals.

The extracellular extracts used in studies that have
been applied to the SET and are considered in the
present review, are listed in Table 1. The number and
proportion of studies in which these extractants have
been used are shown in Figure 1, in which it can be
seen that of the four most commonly used extractants,
three are metallic cations: NiCl, (63% of studies),
SrCl, (23%). and Pb(NQO;), (8%). When the SET was
first used, extracellular extraction was carried out with
SrCl; (Bates & Brown, 1974), which is an effective
displacing agent for class A cations (Bates. 1982,
1987). Later, when class B elements were studied,
NiCl, was used as the extractant (Brown & Beckett,
1985; Wells & Brown, 1987). As Ni is a borderline
element of low toxicity, it was chosen most frequently
in recent studies to displace other cations (at a
concentration of 20 mmol L™'). One of the great
advantages of NiCla is that it can be used as a reference
extractant for elements such as K and Zn, as it is
known that Ni successfully displaces both elements
when they are located extracellularly (Brown &
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Figure 1 Number of cases in which each of the different
extracellular extractants has been used in the sequential
elution technique with bryophytes (white), lichens (black), or
together (grey). The number abave the bars Indicates the
percentage of studies in which each extractant has been
used (note that the sum is >-100% because several
extractants are used simultaneously in different studies).
1: metal chloride; 2: metal nilrate; *: extractant not specified.
Briimelis, 1996; Brimelis ¢ al, 1999) and it would
therefore serve to test the efficacy of other potential
extractants (see ¢.g. Pérez-Llamazares et al, 2010;
Pérez-Llamazares, 2011a). Whereas NiCl, and
Pb(NOj), have both been used in studies with
bryophytes and with lichens, SrCl, has most com-
monly been used in studies with bryophytes (Figure 1).

The other cations have been used in only one
study. with the exception of CoCly, which has been
used in two studies. It has been shown that these
cations are not sufficiently effective as extracellular
extractants, even when used at high concentrations in
the case of non-toxic elements (i.e. Ca), and their use
is not recommended. Other cations have been rejected
for use as extractants because of their high toxicities
even at low concentrations, which produces altera-
tions in membrane permeability (i.e. Au and Hg)
{Pérez-Llamazares er al, 2011a). Finally, combina-
tions of Ni with other metal cations have sometimes
been used for extracellular extraction (Figure 1;
Table 1), although this does not always lead to an
increase in the effectiveness of NiCl,.

Chelating agents display a high affinity for cations
bound to the cell wall and outer face of the plasma
membrane and release them to the extraction medium.
EDTA is the chelating agent most commonly used in
the SET (in 25% of studies) and has been used with
both bryophytes and lichens (Figure 1). Cations that
are bound to exchange sites on the cell wall and plasma
membrane may bind to OH functional groups of
EDTA, thus releasing them to the extraction medium.
The first study in which the efficacy of EDTA as an
extracellular extractant was tested was carried out by
Branquinho er al. (1997a) for the extraction of Cu,
after which the compound became one of the most

Pérez-Liamazares et al.

commonly used extracellular extractants. However,
almost all authors recognize that EDTA causes
alterations in the membrane, usually small breakages
that do not greatly affect the final result of the study
(Branquinho & Brown, 1994). The advantage of
EDTA over the most commonly used extract
(26 mmol L"! NiCl,) is that it enables the quantifica-
tion of a larger number of elements, including Ni itself,

The other chelating agents have been used much less
often than EDTA, only once or twice (Figure 1), in
some cases because they do not produce better results,
and in others because they have only recently been
identified. The former include penicillamine, ethylene
glycol tetraacetic acid, glutathione, and ammonium
pyrrolidinedithiocarbamate, which are either not effec-
tive, are no better than EDTA (Branquinho & Brown,
1994) or cause prablems such as analytical interference
and the appearance of precipitates in the extracts, e.g.
penicillamine (Pérez-Llamazares et al., 2010). Among
the chelating agents most recently used, dimercaprol
has been found to be a good extractant for Pb and V, as
well as Hg, and to date is the only extractant available
for the latter element (Pérez-llamazares et al, 2009).
The use of dimercaprol as a potential extraction agent
for Hg arose because this compound is used to treat Hg
poisoning in humans (Elberger & Brody, 1998). There
may be other compounds with similar potential as
extracting agents, although they have not yet tested in
bryophytes or lichens, such as 2,3-dimercaptosuccinic
acid, 2,3-dimercaptopropane-1-sulfonate, dimercapto-
propanol-glycine, dimercaptosuccinic acid, and N-
acetyl-DL-penicillamine.

All the extractants that have been used in the SET, as
well as the elements that each extractant has successfully
displaced, are shown in Table 2. The second column in
the table includes previously untested compounds, used
to extract different elements simply on the basis of their
electrochemical characteristics (Brown & Wells, 1988). In
these studies, it was deduced that the extractants being
tested were capable of extracting certain elements,
although no comparisons were made with other
extractants and therefore the efficiency of the extraction
could not be evaluated. As already mentioned, few
studies have been carried out with the aim of discovering
extracellular extractants suitable for extracting elements.
Similar results were obtained with regard to the efficacy
of the extractants for some elements but not for other
elements, with the exception of K. This is because EDTA
can produce alterations in the permeability of the plasma
membrane, so that when it is used as an extractant,
quantification of K may be erroneous, and therefore this
is documented as an unsuccessful extraction in Table 2.

EDTA is presented as the most suitable extra-
celtular extractant for most class A and borderline
elements analysed to date (i.e. Al, Co, Cu, K, Mg, Pb,
V, and Zn). However, Hg (a class B element) can only
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be extracted with dimercaprol. The efficiency of
extraction of extracellular Cd and Fe by EDTA has
not been evalvated in any study, although the
compound has been shown to be capable of extract-
ing both elements in the studies in which it has been
used (Mikhailova & Sharunova, 2008; Fernidndez
et al., 2004, respectively).

Some authors (Vazquez et «l, 1999a; Pérez-
Llamazares ¢f al., 2010) have evaluated the efficiency
of different concentrations of extracellular extrac-
tants, The concentration of NiCl, most commonly
used for extracellular extraction is 20 mmol L', and
it has been found that this is an optimal concentra-
tion (Pérez-Llamazares et «l., 2010), With regard to
EDTA, although the concentration most commonly
used is 20 mmol L', halving the concentration to
10 mmol L™" does not reduce the effectiveness of
extracellular extraction and has less effect on the
membrane permeability (Vazquez et al, 1999a; Pérez-
Llamazares ef af, 2010), so that use of the lower
concentration has been recommended in the later
studies. With regard to SrCl,, the concentration most
commonly used has been 25 mmol L™' (Farmer er .,
1991; Bates, 1993), but the study of Pérez-Llamazares
et al. (20190), in which different concentrations were
evaluated, showed that the best concentration, on the
basis of the results obtained with K, Mg, and Zn is
50 mmol L™'. With regard to Pb(NOQ;),, Vizquez
et al. (1999a) chose a concentration of 50 mmol L™,
whereas Pérez-Llamazares et al. (2010) recommended
a concentration of 30 mmol L '. With regard to the
chelating agents dimercaprol and peniciltamine, use of

concentrations of 30 and 50 mmol L™, respectively is
recommended (Pérez-Llamazares ef al., 2010).

Those studies aimed at selecting sunitable extrac-
tants have been carried out with different species
(Table 1), which must be taken into account with
regard to any species-related differences that may
arise.

Studies Employing the SET

The number of studies in which the SET has been
used to analyse different clements in bryophytes and
lichens is shown in Figure 2. Among these, the
nutrients Ca, K, and Mg have been the most
commonly studied with the SET, and were the object
of study during the earlier applications of the
technigue. In some 73% of the studies, in which the
SET was used (Table 1), the concentration of K was
determined because, as already mentioned, determi-
nation of the concentration of this element is useful to
establish whether the membrane permeability is
altered. The elements Ca and Mg were determined
in approximately half of the studies (52 and 53%,
respectively; Table 1). Although Ca has been ana-
lysed to observe its effect on the uptake of other
elements, Mg has also been analysed (like K) to
evaluate the membrane itegrity.

After it was shown that the technique worked with
nutrients, it began to be used with other metals of
greater toxicological interest. Zinc is the metal
most often determined in such studies (25%;
Table 1, Figure 2), probably because of the high
concentrations at which it occurs and the relative ease

Table 2 Efficacy of the extraction of different elements by different extracellular extractants used in the sequential

elution technique

Successful extraction

Extraction not successful

Extractant Tested Not tested Tested
Nigsy Ca*, KX, Mg*®, Zn'* Cd®, K°, Mg®, Sr°. Zn' AlX, Co", CU¥, Hg", Pb™*
Sty K®, Mg? _ Al®, Ca® Fed, K® Mg®, NaP Hg"

Pbiz) A CU®, K®, Mg®, Zo' Hg", Mg*
Coyy Mg°® Hg"

AU(1) aiira Zn®

Ho, ZnP

CU(‘) Pbl’s

Cagy ZnP
CU(-)-}-NI(A’\ ~ Pbr

Ni“}'!’ Pb(z, Znt

Hy) A , Pb2, K@

EDTA A, Co®, Cu*e, K, Mg¥, Pb™°, v°, Zn'® cd™ Fe' Hg", K&
Dimercapro Hg®, K° Pb% v°, Zn® Mg®
Penicillaming Cu®, Hg", K°® Mg®

EGTA o op"
Glutathione PRt

Note: a. Brown & Slingsby, 1972; b. Bates & Brown, 1974; ¢. Brown & Buck, 1978a; d. Bates, 1982; e. Beckett & Brown, 1984a; f.
Beckett & Brown, 1984h; g. Bates, 1893; h. Branquinho & Brown, 1994; i. Brown & Brumelis, 1996; j. Branguinho et al., 19972; k.
Vazquez et ai,, 1999a; |. Fernandez ef &/, 2004, m Mikhailova & Sharungva, 2008; n. Pérez-llamazares et al, 2009; o. Pérez-

Llamazares et al, 2010; p. Pérez-Liamazares et a/, 2011a.

Tested: resuits obtained In studies in which the aim was t0 test the efficacy of extracellular extractants. Not tested: results obtained in
studies in which different extractants were used without previously testing their efficacy for extractions, but which produced good
results, 1. metal chioride; 2: metal nitrate: *: extractant not specified.
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Figure 2 Number of cases In which the concentration of
diverse elements in bryophytes (white}, lichens (black), or in
both (grey) has been determined by the use of the sequential
elution technique. The number above the bars indicates the
percentage of studies in which each element has been
determined (note that the sum is >>100% because in several
studies various elements were determined simultaneously).

with which analyiical determinations can be carried
out, and because it is associated with many sources of
metal emissions. The second most commonly ana-
lysed element is Cu (22%), followed by Cd (20%),
which is also associated with processes of contamina-
tion and may also interfere in the uptake of other
metals. Other heavy metals often analysed by SET
are Pb and Fe (Figure 2).

With regard to the aims of the studies in which the
SET has been used, a distinction may be made
between those that focus on physiological aspects and
those related to contamination and/or toxicity. The
former include studies of the mobilization of elements
inside bryophytes, mainly the moss Hpylocomium
splendens (Bates, 1987, 1992; Briimelis & Brown,
1997; Bramelis et al., 2000, 2004), which confirm
that transport occurs between the older regions and
the apical zones. With regard (0 studies involving
contaminating elements, these were initially carried
out in the laboratory (Beckett & Brown, 1984b;
Brown & Wells, 1990a). Most of these studies consist
of exposing bryophytes or lichens to a solution of the
element under study and determining, by use of the
SET, the amount of the clement that is incorporated
into each of the cellular locations.

Once it was demonstrated that the SET could be used
successfully in the determination of heavy metals in
laboratory conditions, it has then been applied in field
studies carried out in the surroundings of focal points of
contamination (Brown & Briimelis, 1996; Fernandez
et al., 2004; Pérez-Llamazares et al, 2009). Very few
field studies or simultancous laboratory and field
studies have been carried out to date (I8 and 2%,
respectively; Table 1).

Use of the SET
Throughout its history, the SET has been applied
in different ways, ranging from studies involving
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the effects that heavy metals may have on moss
physiology (e.g. Brown & Whitehead, 1986; Brown &
Wells, 1990a; Branquinho et al, 1997b) o others
concerning the iolerance of different mosses and/or
lichens to desiccation (see e.g. Brown & Buck, 1979;
Bates, 1997) or 1o the presence of heavy metals (e.g.
Beckett & Brown, 1984b). In addition, various studies
have investigated the uptake of different elements in
mosses (sce e.g. Bates, 1987; Wells & Brown, 1987,
Bates, 1992; Vazquez et al, 1999b; Fernandez et al.,
2006) and lichens (e.g. Brown & Beckett, 1984), or
have analysed the distribution of elements in the
different cell locations, in laboratory studies (sce e.g.
Brown & Slingsby, 1972; Bates, 1976; Brown & Buck,
1978a; Branguinho & Brown, 1994) and, more re-
cently, in studies with samples collected in the area of
influence of different sources of contamination (e.g.
Briimelis ez al., 1999; Fernandez et al., 2004; Tretiach
et al., 2007). Finally, a small number of studies have
focused on improving Lhe use of the SET (Vazqguez
et al. 1999a; Pérez-Llamazares ef al., 2009; 2010;
2011a).

Problems Associated with the Technigue
Several problems associated with the SET have arisen
since the technique was first used, some of which
have been resolved, e.g. the duration of intercellular
washing should be <30 seconds so that there are no
alterations in the equilibrium of extracellularly bound
cations (Wells & Brown, 1990), and two consecutive
washes are sufficient to obtain total content of
the extracellular fraction (Vazquez et al, 1999a).
However. other problems remain to be resolved,
including methodological-type problems, which are
relatively easy to resolve., and problems inherent in
the technique itself, which are more difficult to
resolve.

Methodological-type problems are restricted to
specific aspects related to use of the SET. which
must be investigated in depth so that the technique
can be standardized. These include the variability in
the processes of extraction due to the heterogeneity of
the sample and analytical errors, which will determine
the number of analytical replicates required to obtain
accurate results. To date, most authors have used
three (see e.g. Vazquez ef al. 1999a) or five replicates
(see e.g. Branquinho er af, 1997a, Pérez-Llamazares
et al.,, 2009), without any real justification for doing
so. Another problem related to the methodology,
restricted to terrestrial bryophytes, is the need to
standardize the time that each species needs to be
exposed to a moisture-saturated atmosphere to
ensure that the permeability of the membrane is not
altered. The duration of this period is very variable,
between 24, 72, and 168 hours (Briimelis & Brown,
1997; Pérez-Llamazares et al, 2010; Pérez-Llamazares

journal of Bryology 2011 voi. 33 NO. 4

tial elution technique applied to cryptogams

275




Pérez-Llamazares et al.

278

Sequential elution technique applied to cryptogams

et al., 2009; respectively). Moreaver, as explained in the
previous section, only a relutively small number of
contaminants have been analysed by the SET to date,
and therefore it remains to be demonstrated whether the
extraclants usually used are appropriate for other
elements not yet analysed by the SET.

The problems inherent in the SET are all derived
from the fact that the different cellular locations are
defined by the analytical techniques used in their
guantification. If there is no analytical technique that
enables isolation of a certain cellular location, this will
be quantified along with another, although from a
biological point of view they may be different. In
addition, it is not easy to test either the efficiency of the
extractions or whether the element determined actualty
corresponds to the location under consideration. Very
{ew studies have been carried out 10 test the efficacy of
the extracellular extraction process (Table 2), and this
may be the aspect that is currently in most need of
detailed research. In general, after incubating the moss
in a solution of metal for a short time {.e. I hour),
almost all of the metal is bioconcentrated in the
extracellular fraction, so that the efficacy of the
extracellular extractant is based on the fact that it
exiracis an extremely high proportion of the element (i.e.
>99%). However, as nothing is known about the simple
diffusion kinetics of the elements across the membrane,
this is merely an assumption, as it has not been verified
that transport to the interior of the cell does not occur,
and therefore extraction of e.g. 98% of an element may
not represent total extraction, as the remaining elements
may be present in the intracellular compartment.

It is therefore necessary to use different techniques
simultaneously to be able to determine whether the
uptake of metal is extracellular or not. These
additional technigues include histochemical techni-
ques and electron microscopy with microanalysis.
With regard to the former. the techniques developed
for lichens, by Rinino er al (2005), may also be
suitable for bryophytes, Secondly, electron micro-
scopic technigques may be an effective way of testing
metal uptake and have been used to locate metals in
different ceflular compartments, in both lichens
(Williamson et al, 2004) and mosses (Bruns e al,
2001; Basile er al.. 2001; Giordano er ol, 2005; Rau
et al, 2007). However, onc disadvantage of this
technique is that it is semiquantitative and therefore
does not enable determination of the exact concen-
trations of the elements studied, so that its use is
limited to being a complementary techmique. The
technique has been used recently to test the efficiency
of the SET (Pércz-Llamazares er al., 2011b), with
surprising results. These authors have shown that
extraction of extracellular Zn with NiCl,, in samples
of moss incubated in Zn, is efficient wheo the samples
do not coniain this metal in particulate form.
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However, when there is a lot of particulate material
on the external surface of the moss, NiCl, extracis Zn
equally from these particles, thus overestimating the
extracellular fraction and therefore the bioconcen-
trated fraction, and underestimating the particulate
fraction that constitutes a less immediate toxicologi-
cal risk. With respect to the efficiency of extraction
of the intracellular fraction, no tests have yet been
carried out.

As already mentioned, the problem is that the
different cellular locations are defined by the corre-
sponding analytical techniques. As there is no
technique that allows exclusive determination of the
particulate material that is deposited on the moss
surface, given that there is no efficient technigue
available for eliminating this material, it remains on
the surface, thus interfering with subsequent extra-
cellular and possibly intracellular estractions. This
material is later quantified along with the interior
particulate maferial, which is the bioconcentrated
material and for which biological interpretation is
quite different. Investigation is required to establish
how a prior cleaning/washing step can be carried out
to enable direct quantification or calculation of the
difference in concentration of the external particulate
material. Ducceschi e ¢l (1999) recommended cleaning
samples with a nitrogen jet at | bar pressure during a
suitable period of time to remove particulate matter
present on the moss surface, without affecting the
equitibrivm between the extra- and intracellular concen-
trations 1 the moss, the efficacy of which was
demonstrated by microscopy (SEM  and ESEM).
Adaptation of this treatment as a step in the SET
requires further investigation.

The existence of all of these problems may be one
reason why the SET is not routinely used, and why it
has not been widely applied in field studies (Table 1),
despite the advantages over conventional analysis of
the total concentration in bryophytes or lichens.
Another reason may be that the technique has not
been developed for other types of contaminants, either
inorganic anions (e.g. fluorines) or organic contami-
nants (e.g, PCDD/DFs, PAHs, PCBs, ctc.). This
restricts interpretation of the total concentration of
elements as carried out with both mosses and lichens.

Although the extracellular fraction can provide
information about potentially toxic elements that
may pass to the interior of the cell (and may even be
more harmful than those associated with intracellular
particles), the greatest problem still existing may be the
possible overestimation of the extracellular fraction
when the sample contains particulate material on the
external surface. In light of the disadvantages of the
guantification of the extracellalar fraction, quantifica-
tion of the intracellular fraction appears to offer great
advantages: (1) it may not be affected by particles (if



extraction of metal by the extracellular extractant is
totally efficient); (2) it enables evaluation of environ-
mental risks; (3) it provides a better representation of
the average conditions of contamination 1o which the
organism is subjected; and (4) it enables better
evaluation of the phytotoxicity, as it has been related
to photosynthesis and respiration in several studies
(Brown & Sidhu, 1992; Branquinho ¢z ¢l., 1997a).

References

Badacsonyi, A., Bates, J.W, & Tuba, Z. 2000. Eifects of Desiceation
on Phosphorus and Potassium Acquisition by a Iesiccation-
tolerant Moss and Lichen. dunals of Borany, $6: 621-7.

Basile, A., Cogoni, A.E., Bassi, P.. Fabrizi, E.. Sorbo, S.. Giordano,
S., Castaldo Cobianchi, R. 2001. Accumulation of Ph and Zn in
Gametophytes and Sporophyies of the Moss Funaria hygro-
metrica (Funnariales). Agrals of Botany, 87: 537-43.

Bates, J.W. 1976. Cell Permeability and Regulation of Intraceliuiar
Sodium Concentration in a Halophytic and Glycophytic Moss.
Jow Phytologise, 77: 15-23.

Bates, J.W. 1982. The Role of Exchangeable Calcium in Saxicolous
Calcicole and Calcifuge Mosses, New Phytologise, 90; 239-52,

Bates, J.W. 1987, Nutrient Retention by Pseudoscleropodium purun:
and its Relation to Growth. ﬂn’na-‘ of Bryology, 14: 565-80,

Bates, J.W. 1992, Mineral Nutrient Acquisition and Retention by
Bryophytes. Journal of Bryology, 17: 223 -40.

Bates, J.W. 1995. Regionat Calcicoly in the Moss Rhytidiadelphus
triqueetrus: Survival and Chemistry of Transplants at a Formerty
SO,-poltuted Site with Acid Soil. dy of Botany, 72: 44955,

Bates, J.W. 1994, Responses of the Mosses Brachythecium
rutabutum and  Pyendescleropodivm puron to a Mineral
Nutrient Pulse. ctional Ecology, 8: 686-92.

Bates, J.W. 1997, Eltects of Intermittent Desiceation on Nutricnt
Economy and Growth of Two Ecologically Contrasted
Mosses. saly of Botany, 79: 299--309.

Bates, J.W. own, D.H, 1974. The Control of Cation Levels in
Seashore and Inland Mosses. New Phyrologisi, 73: 483-95.
Bates, J.W. & Farmer, AM. lﬁ An Experimental Study of
Calcium Acquisition and its Effects on the Calcifuge Moss

Plenrozium schreberi. Annals of Botuny, 65: 87-96.

Beckett, R.P. & Brown, D-H. 1984a. The Control of Cadmium
Uptake in the Lichen Genus Peltigera. Journul of Experimental
Borany, 35: 1071-82.

Beckett., R.P. & Brown, D.H. 1984b. The Reclationship between
Cadminm Uptake and Heavy Metal Tolerance in the Lichen
Genus Peltigera, hw Phytologist, 97 301-11.

Bharali, B. & Bates, J.W. 2002. Soil Cations Influence Bryophyte
Susceptibility to Bisulfite. als of Botuny, 90; 33743,

Bharali, B. & Bates, J.W. 2004. Influences of Extracellular Calcium
and Iron on Membrane Sensitivity to Bisulphite in the Mosses
Plenrozium ychreheri and Rhytidiadelphns triquetrus. Journal of

wlogy, 26: 539,

Bleuel, C., Wesenberg, D., Sutter, K., Miersch, J., Braha, B.,
Barlocher, F. & Krauss, G.-J. 2005. The Use of the Aquatic
Moss Fontinalis aniipyretica L. ex Hedw. as a Bioindicator
for Heavy Metals. 3. Cd®* Accomulation Capacities and
Biochemical Stress Response of Two  Foudinalis Species.
Science of the Total Environment, 345: 13-21.

Branquinhe, C. & Brown, D.H. 1994. A Method for Studying the
Celtular Location of Lead in Lichens. Lichenologist, 26: §3-90.

Branquinho, C., Brown, D.H. & Catarino. F. 1997a. The Cellular
Location of Cu in Lichens and its Effects on Membrane
Integrity and Chlorophyll Fluorescence. mvironmemal and
Lyperimental Botany, 38: 165-79,

Branquinho, €., Brown, D.H., Maguas, C. & Catarino, F. 1997b.
Lead (Pb) Uptuke and its Effects on Membrane Integrity and
Chlorophyll  Fluorescence in  Dilferent Lichen Species.

‘nvironmental and Experimental Borany. 37: 95-105.

Branquinhe, C., Catarino, F., Brown, D.H., Pereira, M.J. & Soares,
A. 1999, Improving the Use of Lichens as Biomonitors
of Ammosphéric Metal Pollution. Science of the Toial
mv‘h'rmm(’rrf. 232: 67-77.

Brown, D.H. 1984. Uptake of Mineral Elements and Their Use in
Pollution Monitoring. In: F.A. Dyer & F.G. Duckett, eds. The
Experimental Biokigy of Bryophytes. London: Academic Press,
pp. 229-55.

Pérez-Llamazares et al,

Brown, D.H. 1995. Sequential Elution Procedures for Establishing the
Celluiar Distribution Patterns of Metals in Cryptogamic Plang. In:
M. Munawar, O. Hinninen, S. Roy, N. Munawar. L. Karenlampi
& D. Brown, eds. Bivindicators of Environmental Health,
Amsterdant: SPB Academic publishing, pp. 203-9.

Brown, D.H. & Avalos, A. 1993, The Role of Calcium in
Intracellular Cadmium Uptake by the Lichen Pelrigera
nembranacea. 4unals of Botany, 71: 467-73.

Brown, D.H. & Bates, J.W. 1990. Bryophytes and Nutrient
Cycling. Botanical Journal of the Linnean Society, 104: 129-47,

Brown, D.H. & Beckett, R.P. 1984. Uptake and Effect of Cations
on Lichen Metabolism. Lichenologist, 16: 17388,

Brown, D.H. & Beckett, R.P. 198S. Intracellular and Extraceliular
Uptake of Cadmium by the Moss Rhytidiadelphus squarrosus.
#nals of Botany. 55: 179-88.

Brown, D.I1. & Brown, R.M. 1991, Mineral Cycling and Lichens:
Lhe Physiological Basis. Lichenologist, 23: 293-307.

Brown, D.H. & Briimelis, G. 1996. A Biomonitoring Method that
Determines the Cellular Distribution of Metal in Moss. Science

Fie Total Environment, 187: 153-61.

Brown. D.H. & Buck, G.W. 1978a. Cation Contents of Acrocarpus
and Pleurocarpus Mosses Growing in a Strontium Rich
Substratum, raal of Bryology, 10: 199-209,

Brown, D.H. & Buck, G.W. 1978h. Distribution of Potassium,
Calcium and Magnesium in the Gameiophyte and Sporophyte
Generations of Funaria hvgrometrica Hedw. Mnals of Botany,
42: 9239,

Brown, D.H. & Buck, G.W. 1979. Desiccation Effects and Cation
Distribution in Bryophytes. New Phytologist, 82: 115-25.
Brown, D.H. & Sidha, M. 1992. Heavy Metals Uptake, Cellular
Location and Inhibition of Moss Growth. Cryprogumic

Botany. 3: 82-3.

Brown, B.H. & Slingsby, D.R. 1972, The Cellular Location of Lead
and Polassium in the Lichen Cludonia rungiformis (L.) Hoffm.
New Phytologist, 71: 297-305.

Brown, D.H. & Wells, J.M. 1988, Sequential Elution Technigue for
Determining the Cellular Location of Cations. In; J.M. Glime,
ed. Methods in Bryology. Mainz: Hattori Botanical Laboratory,
pp. 227-33,

Brown, D.H. & Wells, J.M. 1990a. Physiological Effects of Heavy
Metals on the Moss Rhytidiadelphus squarrosus. dprals of
Bgpany. 66: 641-7.

Brown, D.H. & Wells, J.M. 1990h. The Extracellular and
Intracellular Uptake of Inorganic Chemicals by Bryvophytes,
In: H.D. Zinsmeister & R. Mues, eds. Bryophytes: Their
Chemistry and Chemical Taxonomy. Oxford: Claredon Press,
pp. 299-318.

Brown, D.H. & Whitehead, A. 1986. The Effeci of Mercury on the
Physiology of Rhyridiadelphus squarrosus (Hedw.) Warnst.
Journal of Bryology, 14: 367-74.

Brﬁrmis, G. & Brown, D.H. 1997. Movement of Metals to New
Growing Tissue in the Moss Hylocomium splendens (Hedw.)
BSG. Anpals of Botany, 79: 679--86.

Brimelis, (., Brown, D.H., Nikodemus, O. & Tjarve, D. 1999, The
Monitoring and Risk Assessmeni of Za Deposition Around a
Metal Smelter in Latvia. ﬂvimnmenml Monitoring and

ssessment, 58: 20112,

Briimelis, G., Lapina, L. & Tabors, T. 2000. Uptake of Ca. Mgand K
during Growth of Annual Segments of the Moss Hylecomium
splendeny in the Field. Journul uf Bryology, 22: 163-74.

Bramelis, G., Selga, T., Tabors, G., Lapina, L. & Pospelova, G.
2004. Transport of Potassium to Juvenile Segments of the
Feather Moss Hylocomium splendens. Proceedings of the
Latvian Academy of Sciences Section B, 58: 140-8,

Bruns, 1., Sutter, L., Menge, S., Nevmann, D. & Krauss, G.-J. 2001,
Cadmium Lets Increase the Glutathione Pool in Bryophyies.

raal of Plant Physiology. 158: 79-89.

Buck, G.W. & Brown, D.H, 1979, The Effects of Desiccation on
Cation Location in Lichens. danrals of Boiany, 44: 265-77.
Carballeira, C.B., Aboal, J.R., Ferndndez, J.A. & Carballeira, A.
2008. Comparison of the Accumnulation of Elements in Two
Terrestrinl Moss Species. dgnospheric Environment, 42: 4904-

17.

Chamberlain, A.C. & Little, P. 1981. Transport and Capture of
Particles by Vegetation. In: J. Grace, E.D. Ford & P.Gi. Jarvis,
eds. Plants and Their Atmospheric Environment: The 21st
Symposium of the British Ecological Society. Oxford: Blackwell
Scientific Publications, pp. 147-73.

Caostas, R.C. & Lépez, J. 2000. Determination of the Cellular
Location of Lead in Ulva luctuca Using the Sequential Elution
Technique. Ecotoxicology und Environmental Restoration, 3: 1-6.

Journal of Bryology 2011 voL, 33 ~§O. 4

Sequential elution technique applied to cryptogams

277



Pérez-Liamazares et al. Sequential elution technique applied to cryptogams

278

Costas, R.C. & Lapez, J. 2001, Application of the Sequential
Elution Technique to Determine Cd and Cu Cellular Location
in Ulve lactyea Linnaeus. Archives of  Environmenial
Sontamination and Toxicology, 41: 427-35.

Ducceschi, L., Legittimo, P.C. & Bonzi. L.M. 1999, Heavy Metals
in Moss and Bark tfrom Urban Area of Florence: A New
Cleaness Procedure for Removing Superficial Particulate
Matter, Chemistry and Ecology. 16: 119-41.

Elberger, S.1T. & Brody, G.M. 1998. Cadmium, Mercury and
Arsenic. In: P. Viceellio, ed. Emergency Toxicology. New York:
Lipincott-Raven, pp. 379-91.

Farmer, A.M., Bates, J.W, & Bell, J.N.B. 1991, Seasonal Variations
in Acidic Pollutant Inputs and Their Eflects on the Chemistry of
Stemflow, Bark and Epiphyte Tissues in Three Oak Woodlands in

W. Britain. New Phytologist, 118: 441-51.

Fernandez, J.A., Aboal, J.LR. & Carballeira, A. 2010. Testing
Differences in. Methods of Preparing Moss Samples. Effect ol
Washing on  Pseudoscleropodium  purum., mwronmemal
Monitoring and Assessment, 163: 669-84.

Fernandez, J.A., Aboal, J.R., Couto, J.A. & Carballeira, A. 2004.
Moss Bioconcentration of Trace Elements Around a FeSi
Smelter: Modelling and Cellular Distribution. Mwspheric
E&n'irrumwnl. 38: 4319-29,

Fernandez, J.A., Vizquez, M.D., Lopez, J. & Csrballeira, A. 2006.
Modelling the Extea and Intraceftular Uptake and Discharge
of Heavy Metals in Fontinalis antipyretica Transplanted
Along a Heavy Metal and pH Contamination Gradient.
mvirrmmvmrr! Pollution, 139: 21-31,

Ferrewra, D., Ciffcoy, P., Tusseau-Vuillemin, M.-H., Garnier, C. &
Garnier, J.-M. 2009, Modelling Exchange Kinetics of Copper
at the Water-aguatic Moss (Foutinalis antipyretica) Interface:
Influence of Water Cationic Composition (Ca, Mg, Na and
pH). Chemosphere, 74: 1117-24,

Figucira, R.. Sousa, A.J., Brown, D.H., Catarino, F. & Pacheco,
AM.G. 1999. Natural Levels of Saline Elements in Lichens:
Determination of Cellular Fractions and Their Importance as
Saline Tracers. Lichenologist, 31: 133-96.

Giardano, S., Adamo, P., Menaci, F., Pittao, E., Tretiach, M. &
Bargaghi, R. 2009. Bags with Oven-dried Moss for the Active
Monitoring of Airborne Trace Elements in Urban Areas.
?vimnmenm! Pollution, 157; 2798-805.

Giordano, S., Adamo, P.. Sorbo, S. & Vingiani, S. 2005.
Atmospheric Trace Metal Pollution in the Naples Urban
Arca based on Results from Moss and Lichen Bags.
@virmmmnmf Pollution, 136; 431-42.

Harmens, H., Norris, D.A., Koerber, G.R.. Buse, A., Steinnes, E. &
Riibling, A. 2008. Temporal Trends (1990-2000) in the
Concentratien of Cadmium, Lead and Mercury in Mosses
across Europe. Eqvironmental Pollution, 151 368-76.

Hauck, M., Malack, C. & Paul, A. 2002. Manganese Uptake in the
Epiphytic Lichens Hvpogynmia physedes and Lecanora con-
izac'uixkes.‘éalrr'rrmuk-mal and Experimental Boremy, 48: 107-17.

Markert, B., Wappelhorst, O., Weckert, V., Herpin, U., Siewers, U,,
Friese, K. & Breulmann, G. 1999. The Use of Bioindicators for
Monitoring the Heavy-metal Status of the Euvironment.

ournal of Rudioanalytical and Nuclear Chemistry, 240: 425-9.

Mikhalleva, I.N. & Sharunova, I.P. 2008. Dynamics of Heavy
Metal Accumulation in Thalli of the Epiphytic Lichen
Hypogymniy physodes. Russian Journal of Ecology., 5. 366-72.

Mouvet, C. 1987. Accumvlaiion et Relargage de Plomb, Zine,
Cadmium, Chrome et Cuivre par des Mousses Aquatiques en
Miliew Nanurel et aw Laboratoire. Metz: Laboratoire decologie.
Université de Metz.

Mouvet, C. & Claveri, B. 1999. Localization of Copper
Accumulated in Rleyrchostegivm riparioides Using Sequential
Chemical Exiraction. 4guatic Borany. 63: 1-10.

Niebeer, E. & Richardson, D.H.S. 1980. The Replacement of the
Nondescript Term ‘Heavy Metals’ by a Biologically and
Chemically  Significant Classification of Metal Jons.
ﬂvirtmmcmal Pollution, 1; 3-26.

Nieboer, E., Richardson, D).F.S., Boileau, L.J.R., Beckett, P.J.,
Lavoie, P. & Padovan, D. 1982. Lichen and Mosses as
Monitors of Industrial Activity Associated with Uranism
Mining in Northern Ontario, Canada. Part 3: Accumulation of
fron aad Titanium and Their Mutual Dependence.
ﬂvirnmnmml Pollution Series B, 4: 181-92,

Journal of Bryology 2011 vaL. 33 NO. 4

Pérez-Llamazares, A., Aboal, J.R., Ferndndez, J.A. & Carballeira,
A, 2011a. Sequential Elution Technique in Moss
Pseudoscleropodium  purum: Comparison between  the
Commonly Used Extracellular Extractant NiCl, and Other
New Extractants. Water, Air, and Soil Pollution, 215: 561-72.

Pérez-Llamazares, A., Fernandez, J.A., Aboal, J.R. & Carballeira,
A. 2009. A Search for an Extracellular Extractant of Hg for Use in
the Sequential Elution Technique with Pseudoscleropodium purien.

rnal of Brvology, 31: 23-9.

Pérez-Llamazares, A, Fernindez, J.A., Aboal, J.R., Giordano, S. &
Carballeira, A. 201lb. Evaluation of the Efficacy of the
Sequential Elution Technique, by Use of Electron
Microscopy Methods, Journul of Bryelogy, 33: 54-61.

Pérez-Llamazares, A., Garbin-Malagén, C.J., Abeal, J.R.,
Fernéndez, J.A. & Carballeira, A. 2010. Evaluation of
Cations and Chelating Agents as Fxtracellular Extractants
for Cu, Pb, V and Zn in the Sequential Elution Technique
Applied 1o the Terrestrial Moss Pseudoscleropodium purum.

‘cotoxicology and Environmetal Safery, T3: 507-14.

Rau, S., Miersch, J., Neumann, D., Weber, E. & Krauss, G.-J. 2007.
Biochemical Response of Aquatic Moss Foatinalis antipyretica to
Cd, Cu, Pb and Zn Determined by Chlorophyll Fluorescence and
Protein Levels. avironrmmml and Experimental Botany, 59: 295—
306.

Richardson, D.H.S, & Nieboer, E. 1980. Surfuce Binding and
Accumulation of Metals by Lichens. In: C.B. Cook, P.W.
Pappas & E.D. Rudolph, eds. Cellular Iuteractions in Symbiosis
ond Parasiiism. Columbus, OH; Ohio State University Press,
PR 75-94.

Rinino, S., Bombardi, V.. Giordani, P., Tretiach, M., Crisafulli, P.,
M i, F. & Modenesi, P. 2005, New Histochemical
Technigues for the Localization of Metal Ions in the Lichen
Thallus. Lichenologist, 37: 463-6.

Sidhn, M. & Brown, D.H. 1996. A New Labhoratory Technique for
Studying the Effects of Heavy Metals on Bryophyte Growth.

nals of Botany, 78: 711-7.

Tretinch, M., Adamo, P., Bargagli, R., Baruffo, L., Carletti, L.,
Crisafalli, P., Giordano, S., Modenesi, P., Orlando, S. & Pittao,
E. 2007. Lichen and Moss Bags as Monitoring Devices in
Urban Areas. Part It Influence of Exposure on Sample Vitality.

virommental Pollution, 146: 380-91.

Tyler, G. 1989, Uptake. Retention and Toxicity of Heavy Metals in
Lichens. Warter, Air. and Soil Pollution. 47: 321-33.

Tyler, G. 1990. Bryophytes and Heavy Metals: A Literature
Review. Botanical Journal of the Linnean Society, 104: 23153,

Utl, W. 1950, Uber Schwermetall-, zumal Kupferresistenz einiger
Moaose. Protoplasma, 46: T68-93.

Vazquez, M.D., Ferndndez, J.A., Lopez, J. & Carballeira, A. 2000.
Effects of Water Acidity and Metal Concentrations on
Accumulation and Within-plant Distribution of Metals in the
Aquatic Bryophyte Fonsinalis antipyretica. ﬁuer, Air, and Soil
Wx’ﬂ'fﬁm, 120: 119,

Vizquez, NLD., Lopez, ). & Carballeira, A. 1999a. Modification of
the Sequential Elution Technique for the Extraction of Heavy
Metals from Bryophytes. Science af the Total Envircmment,
2411 53-62.

Vazquer, M.D., Lopez, J. & Carballeira, A. 1999b. Uptake of
Heavy Metals to the Extracellular and Intracellular
Compartments in Three Species of Aquatic Bryophyie.

Zeptoxicology and Environmenial Safety, 44: 1224,

Wells, J.M. & Brown, D.H. 1987. Factors Affecting the Kinetics of
Intra and Extracellular Cadmium Uptake by the Moss
Rhytidiadelphus squarrosus. New Phytologist, 103: 123-37.

Wells, J.M. & Brown, D.H. 1990. Ionic Control of [ntracelular and
Extracellular Cd Uptlake by the Moss Rhytidiadelphus squar-
rosus (Hedw.) Warnst. New Phyiologist. 116: 541.-53.

Wells, J.M., Brown, D.H. & Beckett, R.P. 1995. Kinetic Analysis of
Cd Uptake in Cd-tolerant and lantolerant Populations of the
Moss Rkytidiadelphus squarrosus (Hedw.) Warnst and the
Lichen Peltigera niembranacea (Ach.) Nyl dew Phytologist,
129: 477-86.

Williamson, B.J., Mikhailova, 1., Puevis, O.W. & Udachin; V. 2004.
SEM-EDX Analysis in the Source Apportionment of
Particulate  Matter on  Hypogynia physodes lichen
Transplants Around the Cu Smelter and Former Mining
Town of Karabash, South Urals, Russia. Wenw of the Tolal
Evimnmem, 322: 139-54.




