Acta Bot. Croat. 77 (2), 109-118, 2018
DOI: 10.2478/botcro-2018-0014

Review

CODEN: ABCRA 25
ISSN 0365-0588
eISSN 1847-8476

Bryophytes and heavy metals: a review

Jelena D. Stankovi¢, Aneta D. Sabovljevi¢, Marko S. Sabovljevi¢’

Institute of Botany and Botanical Garden, Faculty of Biology, University of Belgrade, Takovska 43, 11000 Belgrade, Serbia

Abstract - Bryophytes, a group of terrestrial plants widely used in biomonitoring, are reviewed for their relation
to heavy metals. In the present article, we summarized the knowledge on heavy metals pollution and accumula-
tion effects on bryophytes. Mechanisms of tolerance and resistance are given as well.
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Introduction

Heavy metals naturally occur in Earth's crust, from
which they are released into the atmosphere and the water
bodies (Nagajyoti et al. 2010). Some of them are essential
for the normal metabolic functioning of organisms, but if
deficient, or present in excess, they can lead to physiological
stress and have detrimental consequences (Nagajyoti et al.
2010, Krzestowska 2011). Others, like Pb, Cd, Al, and Hg are
harmful at all concentrations (Krzestowska 2011). Although
men have used heavy metals for thousands of years (Jarup
2003), reckless human behaviour, associated with urbaniza-
tion and industrial development, drastically altered the pre-
vious distribution and geochemical cycles of heavy metal
(Singh et al. 2011). As a consequence, numerous potential-
ly hazardous metals were introduced into the environment
or their concentrations increased substantially in areas in
which they were previously present only in small quantities
(Nagajyoti et al. 2010, Varela et al. 2013). Heavy metals are
particularly significant as pollutants. Once introduced into
the environment, they are hard to remove and tend to accu-
mulate in the tissues of plants and other organisms through
the food chains (Lee and Von Lehmden, 1973, Maevskaya
et al. 2001). The steadily increasing contamination requires
continuous monitoring of heavy metal concentrations in
the environment and their influence and effects on ecosys-
tems (Markert and Weckert 1989). Due to their widespread
distribution and the ability to accumulate great amounts of
heavy metals, bryophytes have been used as an important
biological monitoring system for heavy metal pollution since
1968 (Tremper et al. 2004). Also, the phenomenon that some
bryophytes tend to grow on substrates containing certain
heavy metals led to their use as bioindicators that could im-
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ply the presence of a specific metal in that particular envi-
ronment (Shaw 1987). Additionally, the relative simplicity of
these plants (Markert and Weckert 1989, Reski 1998) makes
them an important model for the investigation of morpho-
logical and genomic alterations in plants due to heavy metal
toxicity (Carginale et al. 2004, Choudhury and Panda 2005).
Finally, the key phylogenetic position of bryophytes in plant
evolution, connecting the terrestrial and aquatic mode of life
(Shaw and Renzaglia 2004, Shaw et al. 2011, Strotbek et al.
2013), and the fact that they are the most conservative group
of land plants (Reski 1998), emphasize their importance for
the studies of the evolution of plant resistance mechanisms
to this type of environmental pollution.

Classification of heavy metals

Although there have been a lot of research works regard-
ing heavy metals and their effects on the environment, there
is still no broad consensus on which factors define an ele-
ment as a heavy metal. One of the most accepted definitions
is that heavy metals are metals with a specific density of more
than 5 g cm™ (Jarup 2003). The problem with this defini-
tion is that it includes the alkali metals, alkaline earth met-
als, lanthanides and the actinides that in the chemical sense
are not considered “heavy’, while it excludes some other el-
ements, such as arsenic, that is usually considered a heavy
metal because of its chemical-ecological effects (Martin and
Coughtrey 1982, Agarwal 2009). One of the classifications
that can combine these properties and also account for the
similarities in the heavy metal toxicity mechanisms among
different organisms is based on the equilibrium constants
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that describe the formation of the metal ion-ligand complex-
es. According to this, there are three categories of metals with
different binding preferences. Elements with an affinity for
ligands containing oxygen comprise class A, elements with
preferences for ligands containing nitrogen or sulphur are
in class B, while elements that have an intermediate charac-
ter with the similar preference for bonding to O-, S-, or N-
containing ligands are referred to as borderline (Nieboer and
Richardson 1980). The elementusually considered as heavy
metals in terms of their effects on the environment are all in
the class B and the borderline group (Martin and Coughtrey
1982, Choudhury and Panda 2005). Metals in the borderline
group (As, Cd, Co, Cr, Cu, Ni, Sn and Zn) are less toxic than
those in group B, and some of them, like copper and zinc, are
even essential micronutrients in plant physiology (Choud-
hury and Panda 2005). They can be cofactors and activators
of enzymes, take part in redox reactions and electron trans-
fer or have structural functions in nucleic acid metabolism
(Nagajyoti et al. 2010). Conversely, metals in the B group
(e.g. Au, Ag, Hg, Pb), are toxic to plants at all concentrations,
they are not a part of any enzyme and their effect is more
pronounced with an increase in class B character.

Biomonitoring of heavy metal pollution using
bryophytes

Monitoring of heavy metal pollution in the environment
is a very complex process, particularly when it comes to air-
borne pollutants. Based on the known point sources it is pos-
sible to postulate some general theoretical principles of pol-
lutant dispersion, but it is virtually impossible to make an
exact estimation due to the complexity of the microclimate
and the topography around each sampling site. Dispersion
simulations are particularly hard to devise in complex sur-
veys of airborne pollution that include a large number of
sampling sites (Little and Martin 1974). Conversely, field
receptor measurements that include sophisticated sampling
techniques and instrumentation can indicate the presence of
additional sources of heavy metals, give a precise and reli-
able estimation of their distribution and validate the disper-
sion models (Wolterbeek 2002). However, these measure-
ments are associated with high expenses for equipment and
manpower, and usually are extremely time-consuming, be-
cause they involve long-term sampling at a large number of
sampling sites (Little and Martin 1974, Wolterbeek 2002).
Additionally, this approach does not reveal the amounts of
metals that are accumulated by the vegetation in the moni-
tored area, or their effects on these biological systems (Wolt-
erbeek, 2002). Thus, the use of biological systems capable
of absorbing heavy metals in such a way that their tissue
loads reflect the concentrations in the environment (Ferndn-
dez et al. 2013) and their distance from the sources could
give quantitative information about heavy metal pollution
in the environment and account for its effects on the bio-
sphere (Onianwa 2001, Chakrabortty and Paratkar 2006).
In this sense, bryophytes, especially mosses, are very impor-
tant (Markert and Weckert 1989, Boquete et al. 2014). Bryo-
phytes were the first green plants to colonize the terrestri-
al environment (Nickrent et al. 2000), and as such had to
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evolve mechanisms to cope with the much greater amounts
of heavy metals present on land than in the water (Dego-
la et al. 2014). These mechanisms resulted in the ability of
many bryophytes to be consistent colonizers of metal con-
taminated environments (Shaw et al. 1989), or to accumu-
late large amounts of heavy metals, in extremely polluted
areas without any visible negative effect on their growth and
development (Sassmann et al. 2010). This is one of the pre-
requisites for their use as biomonitors (Zechmeister et al.
2007). Bryophytes are usually divided into three large phyla:
the liverworts (Marchantiophyta), mosses (Bryophyta), and
hornworts (Anthocerophyta) (Shaw et al. 2011). Due to their
morpho-physiological properties, mosses (Berg and Steinnes
1997, Zechmeister et al. 2007, Zvereva and Kozlov 2011), and
recently, liverworts too (Carginale et al. 2004, Tipping et al.
2008), have been widely used as excellent systems for the
monitoring of heavy metal pollution in both terrestrial and
aquatic environments. The absence of a root system indicates
the ability of these plants to absorb heavy metals over the
entire surface (Berg and Steinnes 1997, Degola et al. 2014).
The lack of the cuticle layer, which makes their cell walls
easy accessible for metal ions (Choudhury and Panda 2005,
Koz and Cevik 2014), pronounced ion-exchange properties
(Little and Martin 1974) and a large surface-to-weight ratio
also significantly contribute to this ability (Sun et al. 2009).
Consequently, they can react to and reflect the changes in the
heavy metal concentrations faster than most vascular plants
(Zvereva and Kozlov 2011). On the other hand, due to the
absence of specialized conducting tissues (Onianwa 2001)
and the slow growth rate (Chakrabortty and Paratkar 2006),
moss growth segments can give the information about the
integrated exposure to heavy metals over longer periods of
time, and not just about the current state, which is particu-
larly important in the areas where levels of introduced heavy
metals change rapidly. Advantages of bryophyte-performed
monitoring, compared to conventional measurements, are
cost-effectiveness and easier sampling that results in much
higher sampling density and a larger number of sites that can
be included in the survey (Berg and Steinnes 1997, Schroder
etal. 2010). Due to the great capacity of bryophytes to absorb
and retain heavy metals in high concentrations, it is also easi-
er to perform chemical analysis and there are fewer contami-
nation problems (Berg et al. 1995, Berg and Steinnes 1997).
They also provide information on the interactions between
different heavy metals and their effects on living systems,
which cannot be obtained using instrumental measurements
(Tremper et al. 2004). Due to all these traits, bryophytes have
been successfully used for decades, not only in monitoring
studies of the airborne metal pollution, where they are of
immense importance (Zechmeister et al. 2003), but also in
the monitoring of heavy metal pollution in aquatic environ-
ments (Kelly et al. 1987). However, these surveys do not give
the absolute concentrations of elements that accumulate in
the environment during a particular period (Berg et al. 1995,
Berg and Steinnes 1997). To obtain that information, it is es-
sential to establish and maintain the linear correlation be-
tween the concentrations in bryophyte tissue and the con-
centrations of metals to which it is exposed, accounting for
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all the factors that could disturb this relationship (Boquete
et al. 2014). In this sense, the toxicity of heavy metals could
also cause the alternation of the metal accumulation charac-
teristics of the bryophytes, which could affect their reliabil-
ity as biomonitoring systems (Wolterbeek 2002) or result in
an effective physiological markers of heavy metal pollution
(Sun et al. 2009). Investigations on bryophytes’ relation with
heavy metals in strictly controlled condition like in vitro cul-
ture are still in very short supply (e.g. Vukojevic et al. 2004,
Sabovljevi¢ et al. 2014).

The accumulation of heavy metals by bryophytes

Bryophytes accumulate heavy metals by several mecha-
nisms, but the initial and frequently limiting step is revers-
ible adsorption on the cell surface (Gonzalez and Pokrovsky
2014). Adsorbed metals can be trapped as particulate mat-
ter within the surface layer, dissolved in liquids or depos-
its surrounding cells (intercellular fraction), bound in ex-
changeable form to exchange or chelating sites on the cell
wall and outer surface of the plasma membrane (extracellu-
lar fraction) or transported inside the cells and held in sol-
uble or insoluble form (intracellular fraction) (Vazquez et
al. 1999, Salemaa et al. 2004, Castello 2007, Gonzalez and
Pokrovsky 2014). The extracellular accumulation of heavy
metals is mediated by the ion exchange process (Wells and
Brown 1990) and the formation of complexes between the
metals and the organic functional groups in the cell walls of
bryophytes (Shakya et al. 2008). The great binding capaci-
ties of mosses for some heavy metals are often attributed
to the functional groups of polygalacturonic acid and relat-
ed polymers in the cell walls (Tipping et al. 2008). Experi-
ments exploring the acid-base properties of the mosses re-
sulted in the detection of several possible functional groups
involved in the binding of heavy metals. These include phos-
phodiester, carboxyl, phosphoryl and amine groups, as well
as polyphenols. Considering the organic composition of the
cell walls of mosses, carboxyl and phosphoryl groups could
be regarded the dominant metal-binding groups forming the
complexes with heavy metals at the surface of moss cells.
Other groups, such as sulthydryl and amine, could be deter-
minants in the presence of small amounts of heavy metals
or under extreme pH conditions (Gonzalez and Pokrovsky
2014). Greater amounts of uronic acids (containing carbox-
yl groups) in the cell walls compared to cellulose and hemi-
cellulose (having hydroxyl groups) could explain the high-
er heavy metal binding affinity of the plants cultured in the
laboratory than that of the field-grown mosses observed by
Wells and Brown (1987). The dominance of carboxyl and
phosphoryl groups in the cell walls of different mosses could
also explain the similar patterns of heavy metal adsorption in
different bryophyte species seen in some studies (Vazquez et
al. 1999, Tremper et al. 2004, Gonzélez and Pokrovsky 2014).
However, it has been observed that adsorbing properties and
uptake efficiencies for the same metals may vary significant-
ly between the mosses and liverworts (Shakya et al. 2008).
This could be a result of the different cell wall composition
of these two bryophyte groups, where uronic acid is a char-
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acteristic component of the cell wall of mosses and mannu-
ronic acid in that of the liverworts. Other studies, performed
by Riithling and Tyler (1970) and Vazquez et al. (1999), have
shown that different heavy metals may follow the same or-
der in maximum concentrations reached in the extracellu-
lar fractions regardless of the moss species, suggesting that
this property depends mainly on the type of the metal. On
the other hand, the affinity of extracellular binding sites for
different metals may vary significantly among the species
(Vazquez et al. 1999). Heavy metals adsorbed on the moss
surface can reach the interior of the cell by specific mem-
brane transport proteins or via channels present in the cell
membrane (Basile et al. 2012). While the extracellular frac-
tion of heavy metals in mosses is usually easily exchange-
able and tends to reflect the current environmental condi-
tions and sporadic peaks in contamination, the intracellular
fraction is usually a result of the integration of metals dur-
ing the longer period of time and thus represents the aver-
age situation in the environment (Fernandez et al. 2006). It
has been shown, as in other organisms, that the intracellular
metal ion uptake by bryophytes displays saturation kinet-
ics (Wells and Brown, 1990, Basile et al. 2012). Though it is
hypothesised that uptake is a slow metabolically-controlled
process (Vazquez et al. 1999), the study of Fernandez et al.
(2006) revealed that when the bioavailability of heavy met-
als in the environment is high, intracellular uptake can be
rather quick, leading to an accumulation of large amounts
of the metals inside the cell in a short period of time. Nev-
ertheless, in this study, the high velocity of heavy metal ac-
cumulation inside the cells of the aquatic moss Fontinalis
antipyretica Hedw. resulted in a quick onset of the release
of the same elements into the exterior, suggesting the exis-
tence of saturating concentrations inside cells (Ferndndez et
al. 2006). Interestingly, in the study of Basile et al. (2012) on
different mosses, intracellular concentrations of heavy met-
als that act as micronutrients, such as Cu and Zn, remained
rather constant regardless of their extracellular concentra-
tions, while the accumulation of the elements with no met-
abolic function, such as Pb and Cd, increased with increas-
ing metal supply in the environment. A similar relationship
between the extracellular and intracellular concentrations of
Cd was also observed in the moss Pseudoscleropodium pu-
rum (Hedw.) M. Fleisch. by Fernandez et al. (2013). One of
the potential reasons for the lack of control of non-essential
metals input could be the absence of the specific transport-
ers for these metals (Pérez-Llamazares et al. 2011). Instead,
they could be using channels and transporters of the plasma
membrane that normally function in the uptake of essential
ions (Wells et al. 1995, Choudhury and Panda 2005), which
leads to the increase of their intracellular concentration in-
dependently of the previously existent intracellular concen-
tration (Choudhury and Panda 2005).

Sources and factors influencing the accumulation of
heavy metals by bryophytes

There are numerous sources and factors that can influ-
ence the contents of heavy metals in bryophytes (Berg et al.

111



STANKOVIC J. D., SABOVLJEVIC A. D., SABOVLJEVIC M. S.

1995, Berg and Steinnes 1997, Schroder et al. 2010). Met-
als from the atmosphere can reach the surface of terrestri-
al bryophytes in solution (precipitation) or in the form of
dry deposition that can later be solubilised or washed away
(Couto et al. 2004, Fernandez et al. 2013). Even though ter-
restrial bryophytes take most of the substances from the at-
mosphere, soil contributes significantly to the heavy metal
contents (Berg and Steinnes 1997). This is particularly ac-
centuaed during the rainy seasons or snowmelt when many
substances from soil can be transported in the form of sol-
utes, wetting the plant (Salemaa et al. 2004, Klos et al. 2012).
The bioavailability and mobility of heavy metals in soil are
strongly correlated to its acidity, the amount of organic mat-
ter, and the chemical composition (Salemaa et al. 2004, Klos
et al. 2012). Windblown particles from the ground contain-
ing heavy metals can also influence the amounts of heavy
metals in bryophytes (Berg et al. 1995, Berg and Steinnes
1997, Salemaa et al. 2004, Chakrabortty and Paratkar 2006).
The retention of these particles on moss surface depends on
the particle size and the surface structure (Chakrabortty and
Paratkar 2006). The study of Klos et al. (2012) has shown that
the contribution of each of the two mechanisms of metal
transport from soil to bryophyte depends mainly on the lo-
cal climatic conditions. Besides these, other sources, such as
natural trace element cycling processes and leaching of the
heavy metals that were previously accumulated in vascular
plants through their root system, may also contribute to the
heavy metal content in bryophytes (Berg et al. 1995).

Water also has a significant role in the heavy metal uptake
by bryophytes. For the aquatic bryophytes, it is their living en-
vironment and the primary source of all the minerals, includ-
ing the heavy metals (Claveri et al. 1994). In the case of ter-
restrial bryophytes, water can bring or dissolve particles that
are already deposited on the bryophyte surface facilitating the
uptake of heavy metals by the plant, but it can also wash out
the deposited pollutants and lower down the uptake of these
elements (Fernandez et al. 2013). The quantity, intensity, and
the duration of the precipitation determine the amount of
accumulated and leached heavy metals from the terrestrial
bryophytes (Chakrabortty and Paratkar 2006). The study of
Ceburnis and Valiulis (1999) on two moss species (Hyloco-
mium splendens (Hedw.) Schimp. and Pleurozium schreberi
(Brid.) Mitt.) has shown that the heavier the rain, the less ef-
ficient is the uptake process for different heavy metals. They
have also found that leaching can significantly influence the
uptake of almost all investigated heavy metals. While the up-
take efficiencies for metals such as Pb and Ni remain gener-
ally stable, leaching process may influence the uptake efficien-
cies for metals such as Cd, Cu and Zn or even be a dominant
factor in the case of Mn and Cr. However, Maevskaya et al.
(2001) and Couto et al. (2004) have shown using different
bryophyte species that elements that are already accumulated
in intracellular or extracellular particulate fractions cannot be
easily leached under normal conditions.

The chemical composition of the medium in contact with
the bryophyte surface dominantly influences which heavy
metal and what amount of it is going to be absorbed and
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retained by the plant. Different heavy metals differ in their
affinities for the binding sites of the cell walls of bryophytes
(Rithling and Tyler 1970), indicating that competition ef-
fects may significantly alter the uptake kinetics of a specific
heavy metal (Wolterbeek 2002). The phenomenon of cat-
ion exchange capacity (CEC) is widely known to be extraor-
dinarily high in peat-mosses (Sphagnum) so that they can
acidify their environment by exchanging tissue-bound pro-
tons for basic cations. However, Sphagnum CEC seems to
be similar to that of other bryophyte species (Soudzilovs-
kaia et al. 2010). Wells and Brown (1987, 1990) and Wells et
al. (1995) showed that different cations, depending on their
binding affinity and the amounts in the environment, could
exclude or prevent the binding of heavy metals to cation ex-
change sites in cell walls or membranes of different bryo-
phytes (Couto et al. 2004). These findings are in agreement
with the hypothesis that different sea-salt cations in the ma-
rine areas could also interfere with the uptake and retention
of heavy metals (Berg and Steinnes 1997, Wolterbeek 2002).
However, the concentrations of metals in the environment
are usually not high enough to cause the occupation of the
majority of the extracellular exchange sites. Conversely, the
concentration of protons in strongly acidic environments is
high enough, and may prevent the binding of different heavy
metals by bryophytes or even lead to the leaching of different
heavy metals from their cell wall (Couto et al. 2004). Wells
and Brown (1990) have shown that in the moss Rhytidiadel-
phus squarrosus (Hedw.) Warnst. lowering of pH not only
reduces the extracellular binding of Cd but it also affects its
intracellular uptake. While the first could be due to the pro-
tonation and occupation of the available extracellular anion-
ic binding sites, the second could be a result of the proton-
induced conformational changes of transporting proteins in
the bryophyte membranes. Thus, the type (soil, air, or wa-
ter) and chemical composition of the media, and its acidity
are probably the most important factors determining which
metal and what amount of it is going to be accumulated by
different bryophyte species.

The effects of heavy metals on bryophytes

Though growth and development are commonly used
parameters for the assessment of the heavy metal toxicity in
plants, negative effects of heavy metal pollution could be de-
tected before the alteration of these two parameters become
obvious (Wolterbeek 2002). These effects include ultrastruc-
tural changes as well as the changes in the plant physiologi-
cal processes and characteristics (Sun et al. 2009, Canivet
et al. 2015). Ultrastructural changes seen in bryophytes un-
der heavy metal stress may include alternations of the chlo-
roplast shape and thylakoid organization (Choudhury and
Panda, 2005) as well as the appearance of the stromal plasto-
globules in them (Basile et al. 2009). In the moss Scorpiurum
circinatum (Brid.) Fleisch. & Loeske, Basile et al. (2012) have
shown that the appearance of these traits was metal-specif-
ic. For metals such as Pb and Cd, dose-dependence was al-
so observed, while the other two metals tested (Cu and Zn)
showed similar effects at all concentrations. The dose-de-
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pendent effect of Cd on the cell structure of bryophytes was
also confirmed in the study by Carginale et al. (2004), where
it led to the changes in the appearance of the membranes
of the different organelles (chloroplasts and mitochondria).
Besides these changes, the presence of cytoplasmic vesi-
cles, multivesicular bodies, electron dense bodies and lipid
droplets was also observed in the cytoplasm of heavy metal-
stressed bryophytes (Basile et al. 2009, Basile et al. 2012). In
the liverwort Lunularia cruciata (L.) Dumort. treated with
Cd, Degola et al. (2014) also found numerous small vacuoles
containing electron-dense precipitates, which were absent
in the control plants. The additional analysis showed that
Cd and sulphur co-localized in these vacuoles indicating an
important role of sulphates in the sequestration of intracel-
lular heavy metals.

Along with the ultrastructural changes, heavy metals
may also disrupt various metabolic processes and lead to
physiological stress in bryophyte cells (Shakya et al. 2008,
Sun et al. 2010). These negative effects could be explained
by the high affinity of heavy metals for sulthydryl groups in
various proteins, which can lead to inhibition of the enzyme
activity (Boquete et al. 2014) or to conformational modifica-
tions of the proteins. The alternations in different cell pro-
cesses could also be a result of the displacement and thus
deficiency of an essential element by a specific heavy metal
(Zengin and Munzuroglu 2005). The chlorophyll content is
an often-used parameter for assessment of the physiologi-
cal status and biological activity (photosynthetic capacity) of
plants (Tremper et al. 2004, Zengin and Munzuroglu 2005,
Rau et al. 2007). However, there have not been many studies
investigating the relationship between the presence of differ-
ent heavy metals in bryophytes and the chlorophyll concen-
tration. Additionally, comparable results are limited to labo-
ratory experiments (Varela et al. 2013). Nevertheless, most
of these studies have revealed the reduction in total chlo-
rophyll content as a specific response to heavy metal stress,
though the degree of it may vary between the species and
the metals tested (Choudhury and Panda 2005, Shakya et al.
2008, Sun et al. 2009). In the study of Tremper et al. (2004)
on Rhytidiadelphus squarrosus, of the three metals investi-
gated (Cu, Zn, and Pb) only copper caused a significant de-
cline in the total chlorophyll. The dominant effect of copper
and the smallest influence of Zn on this physiological pa-
rameter was also confirmed by Shakya et al. (2008) using the
mosses, Thuidium delicatulum (Hedw.) Schimp. and T. spar-
sifolium (Mitt.) A. Jaeger, and the leafy liverwort, Ptychan-
thus striatus (Lehm. et Lindenb.) Nees. Additionally, in all
three species under heavy metal stress, the amount of chlo-
rophyll b was greater than that of the chlorophyll a, indicat-
ing that in these bryophytes heavy metals could induce the
conversion of chlorophyll-a to chlorophyll-b (Shakya et al.
2008). Another study, involving he moss Hypnum plumae-
forme Wilson, showed that Pb and Nij, single or combined,
at higher concentrations, can also lead to a strong decline in
total chlorophyll concentration (Sun et al. 2009). The highly
negative effect of Pb on total chlorophyll content was also
demonstrated in the moss Taxithelium nepalense (Schwaegr.)
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Broth. (Choudhury and Panda 2005). Additionally, Rother
et al. (2006) demonstrated that Cd too can have a negative
effect on chlorophyll content and lead to subsequent loss of
vitality in the tested Physcomitrella patens (Hedw.) Bruch &
Schimp. The decline in total chlorophyll content in all the
investigated bryophytes under heavy metal stress could be a
result of the heavy metal interference with chlorophyll syn-
thesis either through the direct inhibition of an enzymatic
step or by inducing the deficiency of an essential nutrient
(Zengin and Munzuroglu 2005). The differences in the re-
duction of chlorophyll content under various heavy metals
could be explained by the different uptake and action mecha-
nisms for these metals (Bruns et al. 2001; Shakya et al. 2008).

Since nitrogen is an essential component of amino ac-
ids, it has been hypothesised that heavy metals may disturb
the biochemical and physiological processes in plant cells
through the alteration of the nitrogen metabolism (Sutter et
al. 2002). The exposure of the moss Fontinalis antipyretica to
increasing concentrations of Cd, Pb and Zn led to a concen-
tration-dependent decrease of nitrogen incorporation into
amino acids, and also to an additional concentration-related
inhibition of protein biosynthesis. From these observations
it can be inferred that the effects were independently influ-
enced by heavy metals at different phases of nitrogen assim-
ilation. The initial reduction of nitrogen incorporation into
amino acids may be a consequence of the lowered nitrogen
uptake due to the plasma membrane damage, while the dis-
crepancies between the amino acid amounts and the protein
abundance may be a result of a concentration-dependent in-
hibition of protein biosynthesis (Sutter et al. 2002). The influ-
ence of heavy metals on nitrogen metabolism in bryophytes
was also confirmed by Panda and Choudhury (2005), who
found that under Cr, Zn or Cu stress, nitrate reductase of
Polytrichum commune Hedw. was inhibited.

Apart from the direct alteration of biological structures
and processes in plant cells, heavy metals can also induce
reactive oxygen species like hydrogen peroxide (H,0,), su-
peroxide radicals (O,), and hydroxyl radicals (OH") that
could react with lipids, proteins, pigments and nucleic acid,
resulting in lipid peroxidation, membrane damage or en-
zyme inactivation (Choudhury and Panda 2005, Panda and
Choudhury 2005). In the moss Hypnum plumaeforme ex-
posed to increasing concentrations of Pb and Nij, single or
combined, a dose-dependent increase of two ROS species,
H,0,and O, was observed. The increase of the free radicals
was more pronounced when the two metals were applied
together, indicating the synergistic effect on ROS produc-
tion and accumulation (Sun et al. 2009, Sun et al. 2010). The
study of Choudhury and Panda (2005) of the moss Taxithe-
lium nepalense revealed a similar trend of ROS accumula-
tion under Pb and Cr. Additionally, the increase of H,O,
and O, in the moss cells was demonstrated to be dependent
on the duration of the metal treatment. Further, the effect
of these heavy metals on lipid peroxidation and membrane
distortion through the generation of ROS was investigated
by analysing malondialdehyde (MDA), a cytotoxic product
of lipid peroxidation (Choudhury and Panda 2005, Sun et
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al. 2009). The increase in MDA content in bryophytes was
observed in relation to all metals tested in these two studies,
as well as in the study of Panda and Choudhury (2005), who
investigated the effects of Cu, Zn, and Cr on the moss Poly-
trichum commune. This confirms that heavy metals lead to
oxidative stress in bryophytes, which can result in lipid per-
oxidation, MDA accumulation and consequently the loss of
membrane integrity and cell damage (Sun et al. 2009). Ad-
ditionally, the observation that H,0,and MDA accumulat-
ed under all metal treatments (Choudhury and Panda 2005,
Panda and Choudhury 2005, Sun et al. 2009) proportionally
with the increase in duration and concentration of the treat-
ment, implies that these parameters could be used as mark-
ers of oxidative stress induced by heavy metals, even when
there are no changes in the appearance of the bryophytes
(Sun et al. 2009).

Mechanisms of bryophyte resistance to heavy metal
pollution

The toxic effects of heavy metals in bryophyte cells are
predominately caused by the intracellular fraction while the
metals outside the cells do not have immediate effects on cel-
lular metabolism (Fernandez et al. 2006, Shakya et al. 2008,
Basile et al. 2012). Thus, the strategies used by bryophytes in
response to heavy metal stress may include both the avoid-
ance and the tolerance of this type of abiotic stress. Avoid-
ance includes all the processes preventing the entrance of the
heavy metals into the protoplast (Krzestowska et al. 2013),
and in that sense, the cell wall plays a crucial role (Basile et al.
2009). Modification of any of the characteristics influencing
its retention and cation exchange capacities, or the activity
of metal transporters in plasma membrane could lead to ex-
clusion of heavy metals (Boquete et al. 2014). For example,
differences in the cell wall chemical composition between
the mosses and liverworts or in different species in a group,
could explain the differences in the uptake of different metals
and thus the differences in their sensitivity to these pollut-
ants observed in Shakya et al. (2008). The significance of the
cell wall in avoiding heavy metal stress in bryophytes has also
been demonstrated by Wells et al. (1995). They have shown
that the degree of tolerance to cadmium may be influenced
by the cell wall binding of different non-toxic cations natu-
rally occurring in the cells or the environment, which then
can create unfavourable conditions for the binding of heavy
metals around the plasma membrane and prevent their en-
trance into the cytoplasm.

In contrast to avoidance mechanisms, tolerance to heavy
metal stress involves neutralisation of the metals or their tox-
ic effects as well as translocation of these metals from the cy-
toplasm to compartments such as the vacuole and cell wall.
Chelating of heavy metals is one of the strategies involved in
maintaining heavy metal homoeostasis and metal detoxifi-
cation inside the plant cells (Krzestowska et al. 2013). In the
process of intracellular heavy metal chelation in plants, low
molecular weight thiols such as glutathione (GSH) and cys-
teine play the crucial role. GSH is a major transport and stor-
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age form of reduced sulphur and it may be directly involved
in the binding of the heavy metals or indirectly as a substrate
for the synthesis of the phytochelatins (PCs) that have a par-
ticularly high affinity for some heavy metals. The formed
complexes between the heavy metal ions and PCs can then
be transported into the vacuole, decreasing the concentra-
tion of metals in the cytoplasm and protecting the plants
from their deleterious effects (Yadav 2010). These mecha-
nisms also operate in bryophytes as has been demonstrated
by Carginale et al. (2004) and Degola et al. (2014) in stud-
ies on the liverwort Lunularia cruciata exposed to cadmium
stress. The results have shown that Cd is accumulated in the
vacuoles of the Cd-stressed liverwort and that this is accom-
panied by an increase of sulphur concentration in this organ-
elle. More importantly, it has also been found that most of
the intracellular Cd is bound to the thiol-rich compounds of
similar weight such as phytochelatins, indicating that, as in
other plants, these compounds may constitute the principal
mechanism for heavy metal sequestration. Further, Degola
et al. (2014) have unambiguously confirmed that the com-
pounds found in the L. cruciata are phytochelatins and that
some of them (such as PC2) may constantly be present in
bryophyte cells managing the homeostasis of the micronu-
trients. However, testing the effects of different heavy metals
on the induction of phytochelatin synthesis, and comparing
the results of this study with those from a study of Arabidop-
sis thaliana (L.) Heynh., led to the conclusion that bryophyte
PCs and their synthases have a narrower function, involved
only in the regulation of the Fe/Zn homeostasis and detoxi-
fication of Cd. Conversely, phytochelatin synthases and phy-
tochelatins of A. thaliana are more responsive and involved
in the effective detoxification of many different heavy metals,
indicating that other mechanisms may have greater signifi-
cance for the detoxification of these elements in bryophytes.
Thus, mechanisms other than complexation of heavy met-
als with phytochelatins have a more important part to play
in bryophyte detoxification of heavy metals. This has been
additionally confirmed by Bruns et al. (2001). During their
study performed on the moss E antipyretica and 19 other
bryophyte species, no phytochelatins could be detected in
any of the tested species regardless of the metal and concen-
tration applied. During that time, however, an increase of
GSH content, primarily under Cd treatment, could be ob-
served. The findings of this study and the studies performed
by Carginale et al. (2004) and Degola et al. (2014) showed
that intracellular Cd is primarily stored in the vacuoles of
bryophyte cells. Here, high amounts of S and P were also
observed, which led to the conclusion that one of the domi-
nant mechanisms of bryophyte tolerance to heavy metals, at
least to Cd, is the formation of cytoplasmatic GSH/Cd com-
plexes and their subsequent transport into vacuoles, where
they can be degraded and the Cd accumulated as phosphate.

Apart from the need of bryophytes to neutralise or re-
move heavy metals from the cells to avoid harmful effects on
cellular structures and processes, they also have to possess
an antioxidative system to deal with the overproduction of
reactive oxygen species caused by heavy metals. This system
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comprises numerous enzymes and compounds of low mo-
lecular weight (Zengin and Munzuroglu 2005). SOD is one
of the most important enzymes in the protection of plant
cells against oxidative stress since it transforms superoxide
radicals into less destructive H,O, that can further be re-
moved by peroxidase (POD), catalase (CAT), or ascorbate
peroxidase (APX). Additionally, low molecular weight com-
pounds such as ascorbic acid (AsA), glutathione, non-pro-
tein thiol, cysteine, proline and others could directly interact
and detoxify these reactive species (Sun et al. 2009). Sun et al.
(2009, 2010) treated the moss H. plumaeforme with different
concentrations of Pb and Ni, singly or combined, to investi-
gate the activity of the ROS scavenging system under heavy
metal stress in bryophytes. They discovered that the predom-
inant enzyme involved in the bryophyte protection against
the oxidative stress induced by heavy metals was POD, with
its activity being dose-dependent on the concentrations of
the applied metals. Additionally, a synergistic effect of these
metals with POD activity was observed. The activity of other
enzymes (APX and SOD) was only slightly increased, while
the catalase activity actually decreased. On the other hand,
the accumulation of both of the investigated components of
the non-enzymatic antioxidative system (AsA and proline)
has been detected, with Pb and Ni displaying a synergistic
effect on their accumulation. This indicated that both AsA
and proline could be important superoxide anion scaven-
gers in bryophyte cells, with a significant role in the reduc-
tion of the damage to cell membranes under heavy metal
stress. The accumulation of these two low molecular weight
substances in response to the stress induced by metals other
than Ni and Pb has been also observed in other plants, indi-
cating that they could represent significant heavy metal tol-
erance constituents in other bryophytes (Zengin and Mun-
zuroglu 2005).

It has been hypothesised that the successful survival of
different species in polluted environments is a consequence
of their high reproductive potential. Thus, the production of
large amounts of spores or gemmae could explain the wide-
spread distribution of some bryophytes in the areas with
high amounts of heavy metals (Leblanc and Rao 1974). Since
the inhibition of sexual reproduction in many bryophytes in
a heavy metal-polluted environment has often been detected
(Leblanc and Rao 1974, Shaw 1987), vegetative reproduc-
tion as an alternative strategy could explain their success in
these disturbed sites (Carginale et al. 2004). They showed
that the gemma cups from the cadmium-treated gameto-
phytes of L. cruciata produced normal gemmae that germi-
nated at the same rate as those from the controls when trans-
planted into fresh medium. Vegetative reproduction is one
of the important bryophyte strategies under the conditions
of heavy metal stress. This is emphasized by the fact that
in these plants, high amounts of cadmium were found in
the gemma cups, while only minute quantities reached the
gemmae themselves. In general, the importance of the re-
productive potential for bryophyte survival in heavy metal-
polluted environments has also been confirmed by Basile et
al. (2001). They demonstrated that gametophyte and sporo-
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phyte tissues of bryophytes accumulate heavy metals differ-
ently, with gametophytes containing much higher concen-
trations of metals. Further analysis showed that the placenta
between them is responsible for this unequal distribution. It
disturbs the apoplastic continuity between the two genera-
tions and sequesters toxic metals or toxic concentrations of
micronutrient metals, preventing their accumulation in the
sporogenous tissue and spores. This way, cells are protected
during meiosis from the harmful effects of heavy metals in
polluted environments.

Conclusions

Heavy metals are extremely toxic and may cause ma-
ny alterations in the physiology and morphology of bryo-
phytes, modifying the way they integrate, retain and release
these pollutants. Such metals also induce different exclusion
mechanisms in bryophytes that reduce heavy metal toxici-
ty by preventing the entry of these elements into the tissues
(Wolterbeek 2002, Boquete et al. 2014). Thus, the accuracy
and reliability of information obtained using these plants as
biomonitors depend on the understanding of the mecha-
nisms, factors and bryophyte species responses (Fig.1) that
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Fig. 1. Main factors influencing bryophyte heavy metal content.
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can influence the uptake and the linearity of the relation-
ship between dose and tissue content (Berg et al. 1995, Berg
and Steinnes 1997). Though there are studies about the ef-
fects of heavy metals on bryophyte physiological parameters,
there are only a few examining the consequences of these
changes to dose-response relations (Wolterbeek 2002). Ad-
ditionally, detection of the heavy metal dose-dependent ef-
fects and physiological responses in bryophytes at a cellu-
lar level could result in the establishment of markers, which
could be used for bioindication or biomonitoring of heavy
metal pollution in the environment (Rau et al. 2007, Sun et
al. 2010). The significance of exploring the heavy metal ef-
fects in bryophytes goes beyond their use in environmental
studies, since it could also give the insights into the evolu-
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