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Abstract

We present a case study on the tissue absorption of copper of a widely distributed moss species, Ptychostomum capillare
in the polluted soil of an abandoned copper mine in central Spain. We studied the soil properties in a copper soil pollution
gradient and sampled the moss tufts growing on them in four plots with contrasted soil copper levels. We determined the
copper content in the soil and in the moss tissues. On these moss samples, we also performed histochemical tests and X-ray
dispersive spectrometry coupled with scanning electron microscopy (SEM-EDX), both in untreated shoots and in samples
where surface waxes were removed. We checked the behavior of this species using a metallophillous moss, Scopelophila
cataractae, for comparative purposes. Copper contents in P. capillare seem to depend more on available, rather than total soil
copper contents. Our results indicate that this moss is able to concentrate 12-fold the available soil copper in soil with low
available copper content, whereas in the most polluted soil the concentration of Cu in the moss was only half those levels.
Both histochemical and SEM-EDX tests show no surface copper in the mosses from the least polluted plot, whereas in sam-
ples from the soil with highest copper content, the removal of surface waxes also reduces or removes copper from the moss
shoots. Our observations point at a mixed strategy in P. capillare in this copper mine, with metal accumulation behavior in
the lowest Cu plot, and an exclusion mechanism involving wax-like substances acting as a barrier in the most polluted plots.
These distortions impede the estimation of environmental levels and thus compromise the value of this moss in biomonitor-
ing. We highlight the need of extending these studies to other moss species, especially those used in biomonitoring programs.

Pollution of soils by heavy metals poses important risks for
human and ecosystem health, due to their persistence and
toxicity (Giller et al. 1998; Chen et al. 2015). Among them,
copper is required for life in small concentrations, because
it is integrated into metalloenzymes that take part in redox
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processes; however, at high concentrations, it becomes toxic
for organisms (Gaetke and Chow 2003; Bravo-Gémez et al.
2015; Schulten and Kramer 2017). Mining is one of the main
focuses of soil contamination by heavy metals (Alloway
2013) and causes additional physical and chemical distur-
bances that last for a long time even after mining works end
(Cooke and Johnson 2002), hindering the ecosystem regen-
eration. The highest levels of copper are found in mine soils
affected by ore milling, concentration, and waste disposal.
Copper concentrations on topsoils affected by mine wastes
can reach several thousand mg kg™' (Cornu et al. 2017).
The most important features concerning copper toxic-
ity in vascular plants are relatively well known. The esti-
mated copper toxicity levels that plants can allow in their
tissues are around 20-30 ug g~! (Pais and Jones 1997). The
excess of copper in the cells induces a decrease of growth
and development in plants and even death in the majority
of organisms due to the interaction with sulthydric groups
that inhibit the enzymes (Shakya et al. 2008). High copper
concentrations also can damage the plasmatic membrane,
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which leads to the exit of potassium cations from the cell
(Brown and Wells 1990), and cause a reduction of the chlo-
rophyll content in the plastids (Guschina and Harwood 2002;
Shakya et al. 2008).

Vascular plants have developed a range of strategies to
mitigate the negative effects of metal pollution (Chardon-
nens et al. 1999; Broadhurst et al. 2004; Psaras et al. 2000).
Among them, plants frequently resort to an avoidance strat-
egy that consists of preventing or hindering the entrance of
the heavy metals to the tissues and cells (Hall 2002). Myc-
orrhizas and chelating substances seem to have a key role
in this regard (Hall 2002; Cheng 2003) and mucilage bar-
riers (Colzi et al. 2015). Additionally, vascular plants have
evolved mechanisms that diminish cellular damage once
the metal has entered the cells (i.e., tolerance sensu; Levitt
1972). These mechanisms are in general based on a rapid
translocation of the metal to vacuoles of their precipitation
in the cell wall (Cheng 2003; Ernst 2006).

Much less is known about copper tolerance and resistance
in bryophytes. Several species of bryophytes are metallo-
philous, that is, they require high metal levels to develop,
and thus they can uptake and concentrate these metals in
their tissues. Well-known examples of metallophillous
species are the genera Scopelophila and Mielichhoferia
(Martensson and Berggren 1954; Persson 1956). Other spe-
cies—not necessarily metallophilous—grow on soils with
high copper concentrations accumulating copper in the cell
wall and immobilizing the cations with its negative charge
(Satake et al. 1988; Chettri et al. 1997; Shakya et al. 2008;
Satake 2013). In species with metal-tolerant populations,
there is a genetic variation that is greater among populations
than within them (Shaw et al. 1987; Jules and Shaw 1994,
Shaw and Schneider 1995). The development of different
ecotypes depends on the intensity of adaptive pressure as
heavy metal concentration or soil type (Shaw 1993; Jules
and Shaw 1994), which suggests high phenotypic plasticity.
In terms of reproductive expression, photosynthetic rates,
and vegetative growth, mosses show a higher tolerance to
heavy metal contamination when they are native from con-
taminated soils (Shaw et al. 1987; Jules and Shaw 1994).

However, other resistance mechanisms in bryophytes
have been poorly studied. This is partly because bryophytes
were frequently assumed to lack efficient avoidance mecha-
nisms, as their passive water and nutrient uptake strategy
makes them uptake heavy metals throughout their whole
surface. Recent evidence has shown that some species can
develop a mucilage barrier that effectively excludes some
heavy metals from the cells (Cogolludo et al. 2017), but
whether this is a common mechanism in mosses is unknown.

These mechanisms may affect a common usage of
mosses. Because of their wide distribution, their abil-
ity to uptake and accumulate heavy metals throughout
their whole surface, and their sensitivity, bryophytes are
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extensively used as bioindicators (Onianwa 2001). Some
important biomonitoring programs are based on the metal
contents in the tissues of selected mosses to test heavy
metal deposition, such as the quinquennial programs set
up by the European ICP Vegetation international research
consortium in central and northern Europe to assess heavy
metal pollution and dynamics (Harmens et al. 2010, 2015).

The technique has several disadvantages, including
distortions of the metal content levels by environmental
factors or by differences in the behavior of the diverse
species used (Lepp and Salmon 1999; Aboal et al. 2010,
2017; Schroder et al. 2010, 2014). Besides, the mecha-
nisms allowing mosses to resist metal pollution can affect
the actual uptake and content of these elements in the moss
samples (Aboal et al. 2010). If mosses can exclude heavy
metals, the estimates based on tissue concentration would
underestimate the incidence of the pollutant, whereas
tolerance involving a hyper-accumulative strategy of the
moss (as suggested in Vukojevi€ et al. 2005) would cause
an overestimation of the pollutant in the environment.

Thus, it is necessary to investigate the response and
resistance strategy of mosses to assess their validity in
biomonitoring studies. This is especially important regard-
ing widely distributed species that are liable to be used
in Mediterranean countries, where the implementation
of the ICP Vegetation surveys is hindered by the scarcity
of the species recommended by the ICP Vegetation team.
Although pleurocarpous mosses, with larger growth forms,
are usually preferred, in these drier areas even acrocar-
pous mosses, provided they are common enough, have
been suggested for biomonitoring surveys (e.g., Izquieta-
Rojano et al. 2016, putting Tortella squarrosa forward for
consideration).

The small-scale copper mines (mostly abandoned)
that are common in central Spain (Jorda 2008) provide
a good opportunity to explore the relationship between
copper content in the soil and the moss tissues, as they
include variously polluted soils with almost no lithologic
or climatic heterogeneity. The moss Ptychostomum capil-
lare (Hedw.) Holyoak & N. Pedersen (= Bryum capillare
Hedw.) is a common terricolous species in this copper-
mine and in some areas becomes the most abundant spe-
cies in the soil cover.

We selected one of these abandoned mines in which
P. capillare is common as a case study, and conducted
a comparative investigation of the copper content in this
moss species, first, to explore the occurrence of resist-
ance mechanisms, and, second, how these mechanisms
may affect its potential use in heavy metal bioindication
studies. If no distorting mechanisms are present, we should
expect a predictable relationship between copper content
in the moss tissues and that of the soil.
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Material and Methods

Bryophytes and soils samples used in this work were
collected from the mining waste dump of a depleted
Cu-W-Pb mine (Caridad-La Estrella mine, Lozoyuela,
Madrid, Spain, 40° 56’ 25" N, 3° 37’ 55" W, Fig. la),
at 1117 m.a.s.l. The ore vein was mainly composed of
chalcopyrite (CuFeS,) hosted in augen gneiss. The min-
ing activity between 1890 and 1965 was focused on the
extraction of copper. The main vein ore contained 16-23%
copper (Jorda 2008). The total area affected by the mining
activities is approximately 4500 m? of which the dump
area is around 1600 m? (Fig. 1b). Currently, the mineral
wastes show a high degree of weathering, and conse-
quently, the sulfides, mainly chalcopyrite, have given rise
to powdery copper carbonates (Jord4 2008). We performed
a preliminary soil survey of the area before the sampling to
identify the presence of heavy metals in the wastes dump.
TXREF analysis confirmed that copper is the major metal
in these mine wastes while some other elements appear
at lower trace concentrations: Cu (16,022 mg kg™') > Zn
(182.7 mg kg > As (37.8 mg kg ')>Cr
(18.7 mg kg™")>Pb (11.1 mg kg~") > Co (10.7 mg kg™ ).

P. capillare was widespread across all the study area.
The study materials were collected in January 2016 at
different distances from the mine wastes (Fig. 1b). We
established nine 1-m? plots within which we collected all

®
La Estrella mine

Latitude
14093950 N

Fig.1 a Location of the study area. b Location of the plots at La
Estrella mine. Both white and colored circles correspond with the
nine plots sampled: the ones with a number and color are the four
plots selected for copper tissue analyses and the white circles corre-

| 40.94000 N

| 40.93900 N

the P. capillare moss turfs growing in the soil of the plot,
and samples of topsoil at a depth up to 5 cm. In each plot,
we surveyed the plant cover and occurrence of other moss
species. We then selected the plots with sufficient moss
quantity to analyze its copper content in the tissues: four
plots in total (plots 1, 2, 3, and 4; Fig. 1b).

In each plot, we took a sample consisting of a composite
of five subsamples combined and homogenized in each plot.
After collection, two replicates of each soil sample were
weighed, then oven-dried at 105 °C for 72 h, left to cool at
room temperature and weighed again to determine the mois-
ture. For chemical analysis, soil samples were air-dried and
sieved (2 mm). Mineralogical characterization of soil was
performed by X-ray diffraction XRD, powder method using
a Siemens D-5000 equipment with monochromated CuKa
X-radiation. Soil texture was determined via particle size
analysis using the Boyoucos hydrometer method. The soil
pH was measured in deionized water in a 1:2.5 soil-solution
ratio with a glass electrode pH-meter. Soil organic carbon
(SOC) was determined using the Walkley—Black wet oxida-
tion method (Nelson and Sommers 1982). Total nitrogen was
determined by the Kjeldahl digestion procedure (Bremner
and Mulvaney 1982). The pseudo-total concentration of
Cu in soils was determined after digestion with aqua regia
according to ISO11466 procedure (1995). Available copper
and phosphorous were determined by the Mehlich-3 method
(Mehlich 1984); P was determined colorimetrically by the
molybdenum-blue method (Murphy and Riley 1962) with
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spond with the other sampled plots. The color gradation in the circles
represents the in situ estimated copper content gradient in the soil of
each plot (later confirmed analytically). We observed maximum cop-
per contamination in the darkest polygon and its surroundings
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a Photoanalizer D-105 Dinko. Pseudo-total and available
copper contents were determined by absorption atomic spec-
trophotometry (AAS) in a Perkin-Elmer Analyst 800 equip.
All analyses were performed in duplicate. The accuracy
of the analytical procedure for the pseudo-total digestion
was checked with the analysis of the soil standard reference
material, CRM Canmet SO-3 (Canada Centre for Mineral
and Energy Technology). Replicate analysis of this CRM
standard showed good accuracy of experimental results with
certified values with a recovery percentage of 95%.

Dried P. capillare samples from four selected plots with
contrasted soil copper concentrations (plots 1, 2, 3, and 4;
Fig. 1b) were digested with aqua regia on a hot plate. Before
analysis, moss shoots were manually separated and care-
fully cleaned individually to remove all soil particles and
debris visible with the stereoscope. Smaller particles were
not removed; we did not wash the shoots in order not to lose
any soluble copper on the plant surface or in the tissues. Cu
concentration in digested solutions was determined by AAS.

For histochemical tests and SEM-EDX (scanning electron
microscopy with energy-dispersive X-ray spectroscopy), we
selected the P. capillare samples from the two plots with
the most contrasted copper content in soil (plots 1 and 4 of
Fig. 1b) and also samples of the reference metallophilous
species, S. cataractae. All of these tests were performed on
material washed 15 min in chloroform (to remove waxes, as
a possible surface barrier; Proctor 1979) and on unwashed
samples.

Histochemical analyses were made in the samples to
identify the copper presence and its location in the tissues
(rubeanic acid test), and the possible presence of waxes
acting as barriers (Sudan Black B test). The rubeanic acid
test follows Bancroft and Stevens (1982), slightly modified.
We prepared 0.005% rubeanic acid (Aldrich 379387) in 5%
ethanol containing 10% sodium acetate. Moss samples were
incubated ca. 72 h at 37 °C in darkness. Rubeanic acid reacts
with copper forming dark depositions (Fig. 2). Sudan Black

Fig.2 Rubeanic acid test for

copper in the metallophilous a
moss species used for reference,

S. cataractae. a Unwashed moss

leaf; b leaf after the rubeanic

acid test, with strong dark stain-

ing revealing copper absorption

in the cell walls
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B test was after Jensen (1962): samples were briefly placed
in 50% ethanol, then in a saturated and filtered solution of
Sudan Black B (Fluka 86015) in 70% ethanol, 5 min, and
differentiated in 50% ethanol. Lipophilic substances, includ-
ing waxes, stain black.

For SEM-EDX microanalyses, both unwashed and chlo-
roform-washed samples of P. capillare (plots 1 and 4) and
S. cataractae were air-dried, gold-sputtered, and observed
with a scanning electron microscope (Hitachi S-3000 N)
operating at 20 kV, with an environmental secondary elec-
tron detector coupled to an X-ray dispersive energy ana-
lyzer (Oxford Instruments, NCAx-sight). In each sample, we
observed separately apical parts of the moss shoots (with liv-
ing tissues) and basal, senescent regions (mostly dead cells).

For comparative purposes, we performed the AAS, his-
tochemical and SEM-EDX analysis also on a sample of a
well-known metallophilous moss Scopelophila cataractae
(Mitt.) Broth, collected in copper-rich soils in Hiraizumi,
Iwate, Japan (August 23, 2015) and deposited in MA-UAM
(Herbarium of Universidad Auténoma, Madrid).

Results
Soil Properties

The general properties of selected soils in the study area are
shown in Table 1. The soils were slightly acidic to neutral
(pH range 6.08-7.16). The soils most affected by the mining
wastes (plots 3 and 4) presented more poor physicochemical
properties compared to the less affected soils (plots 1 and
2): lower organic carbon, total nitrogen, and available phos-
phorus contents, higher percentage of sand fraction, lower
water holding capacity and much higher pseudo-total, and
available copper concentrations. Pseudo-total soil copper
contents (1651 and 8756 mg kg~!, plots 3 and 4 respec-
tively) were far above the threshold value for agricultural
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Ta!ale 1 Characteristics of tbe Plot 1 9 3 4
soils studied: means of duplicate
determinations and standard pH (H,0) 6.08 (0.06) 6.40 (0.03) 6.29 (0.16) 7.16 (0.16)
deviations (in parentheses) Water content (¢/100 g) 18.2 (0.6) 245 (0.8) 8.9 (0.2) 10.0 (0.1)
Sand (%) 65 71 79 82
Silt (%) 12 10 9 8
Clay (%) 23 19 12 10
Textural class Sandy clay loam  Sandy clay loam  Sandy loam Loamy sand
Organic carbon (%) 2.54 (0.07) 3.92 (0.16) 0.88 (0.25) 1.81 (0.08)
Total N (%) 0.12 (0.02) 0.25 (0.04) 0.05 (0.01) 0.07 (0.00)
Available P (mg kg_l) 21.9 (1.8) 13.5 (2.6) 2.7(1.2) 34(2.2)
Available Cu (mg kg™ 2.1(0.0) 43.7 (6.39) 615.3 (26.9) 1967.8 (223.4)
Total Cu (mg kg™}) 15.4(0.2) 184.5(9.9) 1651.3 (321.1) 8756.3 (223.9)
P. capillare tissues Cu (ug g~')  25.0 46.9 655.3 974.2

The texture parameters (sand, silt, and clay percentages) were determined from a single sample. The num-
ber of the plots corresponds with the scheme shown in Fig. 1b

and forestry use in the regional regulation (BOCM 2006).
These contents surpass largely the range for copper in the
soil (60—125 mg kg~") that would be toxic to plants (Kabata-
Pendias and Pendias 1984). The available copper contents
of these soils (615 and 1968 mg kg™, plots 3 and 4, respec-
tively) also far exceed 50 mg kg~!, which represents the
threshold Mehlich III Cu levels above which the agronomic
crop production is harmed (Morse et al. 2016).

P. capillare was the dominant moss at the plots more
affected by the mining wastes. P. capillare covered approxi-
mately 15% and 30% of the areas of plots 4 and 3, which
suggests a higher copper tolerance of P. capillare respect to
the rest of the mosses identified in the surroundings of the
mine that had a very low abundance or were absent from the
most contaminated plots.

Copper contents in the selected mosses are shown in
Table 1. The metal concentration in the moss samples
increased with soil copper concentration, although the
only significant correlations were obtained between soil Cu
extractable and Cu moss (r=0.94, p=0.05). In fact, the cop-
per content in the mosses grown in plots 2 and 3 (46.9 and
655.3 ug g7, respectively) was similar to the extractable
copper content of these soils (Table 1). In mosses growing in
the least polluted soil (plot 1), the copper content exceeded
1.6- and 11.9-fold the pseudo-total and extractable copper
contents in the soil, respectively. In mosses from the most
polluted soil (plot 4), the copper content of the moss tis-
sue (974 pg g~!) only represented half of the extractable
soil copper content. Because the moss samples were not
washed before measuring copper content, the results cannot
be attributed exclusively to the copper absorbed in the tis-
sues, as our methodology does not preclude the presence of
minute soil particles on the surface of the moss plants, but,
as we will discuss later, these particles do not account for
the moss accumulation pattern.

Histochemical Analysis and SEM-EDX

The rubeanic acid test on P. capillare samples from plot 4,
with the highest Cu content, revealed mainly extracellular
dark particles on the leaf surface (Fig. 4a, arrowheads). Only
occasionally, also the walls of the leaf nerve and marginal
cells stained dark. In dead tissues and old leaves, the staining
was very irregular (not shown). In contrast, samples from
the least contaminated plot (plot 1) showed very little or no
reaction with the rubeanic acid. This contrasts with the pat-
tern shown in S. cataractae (Fig. 2b), in this bioaccumulator
species the rubeanic acid reacted strongly and consistently
with the walls of the leaf cells, both in young, apical parts
of the shoots and in senescent, basal regions.

Sudan Black B detected the presence of lipophilic sub-
stances, probably waxes, as a thin, extracellular dark film
on the leaves of P. capillare (Fig. 4b, arrowheads), espe-
cially in plants from the most contaminated plot (plot 4). In
chloroform-washed samples, we get neither staining with
Sudan Black B, nor detection of any extracellular, dark par-
ticles, with rubeanic acid, suggesting the role of waxes as a
barrier to copper.

We did not detect copper in any sample of P. capillare
collected in the plot with the lowest Cu levels (Table 2). In
the samples of P. capillare from the most contaminated plot
(4), the copper content was highly variable. In basal areas of
the shoot, especially in the senescent leaf nerve and margins,
it was more abundant (Fig. 5a, b; Table 2) than in juvenile
ones. In the apical parts of the shoots, Cu often was unde-
tected (Fig. 5d, e), and, when detected, it was present only
in low percentages of atomic weight. Chloroform-washed
samples presented much lower levels of copper both in api-
cal and basal parts (Fig. 5b, d, e; Table 2). The SEM-EDX
observations (Figs. 4c—f, 5b, d, e; Table 2) confirm that the
chloroform treatment is apparently effective in washing away
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% Atomic weight (SD)  No. samples

Shoot region

54
Table2 Atomic weight Sample Chloroform-washed
percentage detected by SEM-
EDX in the different samples: P. capillare Unwashed
P. capillare from plot 1 (lowest (lowest Cu) Washed
copper content), P. capillare )
from plot 4 (highest copper P .caplllar ¢ Unwashed
content), and the metallophilous (highest Cu)
species S. cataractae used as a Washed
reference

S. cataractae Unwashed

Washed

0 (0) in all cases 4 apical, 5 basal

0 (0) in all cases

Both apical and basal

Both apical and basal 4 apical, 2 basal

Apical 0.053 (0.069) 8
Basal 0.256 (0.321) 8
Apical 0.035 (0.072) 8
Basal 0.099 (0.084) 7
Apical 0.257 (0.125) 9
Basal 0.381 (0.348) 10
Apical 0.259 (0.124) 7
Basal 0.263 (0.076) 7

For each, both chloroform-washed and unwashed samples were analyzed, and apical, young regions of the
shoots and basal, senescent regions were observed separately. The mean value and SD (in parenthesis) of
the atomic weight percentage are shown. Bold highlights the maximum difference found between washed

and unwashed treatments

some surface lipophilic substances obscuring the cell out-
line, thus supporting their wax-like nature.

As for the metallophilous moss S. cataractae, although
the analyses also yielded a high variability, copper was
detected much more consistently in the samples (Fig. 51, g;
Table 2), and even the apical parts presented high copper
contents (although lower than the basal parts). The chlo-
roform treatment had little effect (Table 2), perhaps only
removing soil particles from the basal parts, showing that
most of the metal had been absorbed into the cell walls (as
described by Satake et al. 1988 and Konno et al. 2010).

Discussion

The moss species P. capillare is a cosmopolitan species,
quite common in Europe, and shows ample resistance to
contamination (Dierflen 2001). This resistance also is con-
firmed more specifically for Cu, not only from previous
research (Vukojevié et al. 2005) but also from the Cu lev-
els in the soils here analyzed, as in the plots with highest
contents they are well over the environmentally acceptable
levels established in the local legislation (BOCM 2006).
Given the results, P. capillare in this mine would pre-
sent a mixed strategy. In the least polluted plot, it would
behave as an accumulator of the bioavailable soil copper
fractions. For instance, in plot 1, the samples are able to
concentrate up to 12 times the level of available copper from
soil (Table 1). In more polluted soils, the moss would behave
as an excluder. The copper content in the tissues of P. capil-
lare sampled in the more contaminated plots, as detected in
the atomic absorbance analyses, remains in comparatively
low levels and does not parallel the increase of copper (both
pseudo-total and extractable values) in plot soils (Table 1;
Fig. 3). Thus, in plot 4, with available copper levels in the
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] Total soil Cu
(mg Kg*)
Available soil Cu
7500 (mg Kg*)
- Total tissues Cu
(ug g*)

6565.0

5000

2500

Cu concentration in soil and tissues

615.3 655.3

184.5
0 2.1 250 154 _43.7 46.0 NN

Plot 1 Plot 2 Plot 3 Plot 4 Cg in tissues of

. cataractae

Fig.3 Pseudo-total and available copper concentration in soils and
P. capillare in selected plots of the study area. The copper content
in the tissues of the metallophillous moss Scopelophila cataractae is
included for comparative purposes

soil of 1,968 mg kg™!, P. capillare tissues concentrate only
half of these levels (974.2 mg kg™).

The comparison of P. capillare with the metallophilous
S. cataractae (Fig. 3; Table 1), with a well-known ability to
accumulate copper in its tissues (Satake et al. 1988, 1990;
Konno et al. 2010), puts forward the different behavior of
both species in copper-rich environments. A true metallo-
philous moss such as S. cataractae can concentrate copper
from the environment from a hundred- to million-fold. This
suggests the existence of an exclusion mechanism in P. cap-
illare, involving surface barriers preventing copper entrance
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Fig.4 Microanalysis of P. capillare samples collected in plot 4, the
most contaminated. a Rubeanic acid test for Cu on an apical leaf,
showing some dark, extracellular particles near the leaf nerve (arrow-
heads). b Sudan Black B test on a leaf, showing a thin, dark film.
Arrowheads highlight the areas showing most visible dark staining.
¢ SEM image of an unwashed shoot, with ill-defined cell outlines. d
SEM image of a chloroform-washed shoot, showing clearly defined

into the tissues, and thus direct contact of the cells with
excessive levels of this metal, which could explain, at least
partially, the resistance of this species to copper contamina-
tion in the soil.

We must take into account the presence of dust parti-
cles in the P. capillare samples (visible, for instance, in
Figs. 4a—c, e, and 5a, c). In the moss shoots from the least
polluted plot 1, the high copper content detected in the tis-
sues cannot be an artifact caused by this debris. Not only
does the surrounding soil have much lower copper levels,
but also all 17 SEM_EDX mosses analyzed from this plot

cell outlines after removing the lipophilic surface substances mask-
ing them. e SEM-EDX analysis on an unwashed basal leaf, showing
a clear Cu signal. f SEM-EDX analysis on a chloroform-washed basal
leaf. In this case, all the copper also has been washed away (see val-
ues of percentage of atomic weight on several washed and unwashed
samples in Table 2)

(8 analyses on unwashed samples, 9 on washed shoots;
see Table 2) render no detectable copper on the moss sur-
face. Thus, the copper detected in the moss must have been
absorbed and accumulated into the tissues.

In turn, in the most polluted plot (plot 4), the presence of
copper from soil dust on the moss surface is visible in all
the analyses. It is detected in unwashed samples both using
rubeanic acid (Fig. 4a, b) and SEM-EDX analysis (Figs. 4c,
e, 5a, ¢). This means that our detected copper content in
the moss tissues is an overestimation. Still, if anything, this
confirms the exclusion strategy of this moss in this heavily
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Fig.5 SEM-EDX analyses of senescent and apical parts of shoots of
P. capillare samples collected in plot 4 (the most contaminated) and
of the metallophilous S. cataractae, used for comparison. a—e P. cap-
illare samples. a, b Senescent, basal parts of the shoots: a unwashed,
with some Cu detectable; b Chloroform-washed, with some scarce
quantities of Cu detectable. c—e Apical parts of the shoots: ¢

polluted mine site. The actual levels inside the tissues must
be lower, more clearly differing from those in the soil.

The results of the histochemical tests and the SEM-
EDX analyses support the presence of an exclusion strat-
egy involving the production of extracellular, chloroform-
soluble substances, likely surface waxes, which prevent the
copper from being absorbed by the cell walls, or entering
the cytoplasm, and thus constituting an effective avoidance
mechanism of metal stress. This is observable comparing the
SEM-EDX analyses in washed and unwashed moss shoots.
The effect of chloroform washing results in the removal of
a remarkable proportion of the copper on the plant surface,
especially in the basal parts of the moss shoots (Figs. 4, 5;
Table 2). Thus, our moss cleaning methods, omitting any
washing of the samples before AAS, SEM-EDX and histo-
chemical analyses, make it impossible to quantify accurately
the copper levels in the tissues but allow the exploration of
accumulation or exclusion strategies in this case study.

Our observations contradict those of the results of
Vukojevié et al. (2005), who found tissue concentrations
up to 5250 pg g~ in P. capillare from substrata five times
less contaminated than ours, leading them to classify this
species as hyper-accumulative. This discrepancy can be
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unwashed, with some Cu detectable; d, e Chloroform-washed, two
large areas of the same leaf, no Cu detected. f, g Chloroform-washed
S. cataractae samples, both showing detectable, comparatively high
Cu content. f Senescent, basal leaf. g Apical leaf (see values of per-
centage of atomic weight on several washed and unwashed samples
in Table 2)

due to substrata differences in the two studies. Vukojevi¢
et al. (2005) studied plants growing on ashes, and the
extractable copper content (not reported in their paper)
could be higher than in the soils of our copper mine waste
dumps. In any case, the diverse strategy of this species in
different substrata, and the distortions involved in each
(whether hyper-accumulative or presenting exclusion
mechanisms) would yield little consistency to any study
beyond local scopes. It also illustrates our lack of knowl-
edge on survival strategies of mosses, even considering a
single species, in metal-polluted environments.

This is the first time that wax-like substances are shown
to be involved in an exclusion mechanism of toxic metals
in mosses. Traditionally, waxes in mosses are considered
to appear only in endohydric mosses, with highly devel-
oped internal conductive systems (Buch 1945; Proctor
1979). Although P. capillare is not included in this group
of mosses, the presence of waxes in a wide range of bryo-
phytes is increasingly recognized (e.g., see the revision of
Glime 2015). To date, waxes in bryophytes were assumed
to be a mechanism of protection from desiccation, but our
study suggests that some chloroform-soluble, wax-like
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substances might play some other roles that should be
studied in a wide taxonomic spectrum in this plant group.

Remarkably, all the moss samples analyzed in this study
exceed 20 pg g~!, the toxic threshold usually considered for
copper in plants (Borkert et al. 1998). This indicates some
metal accumulation trend for this moss, probably involv-
ing physiological adaptations leading to copper tolerance
when the available copper levels in the soil are below the
threshold, in addition to exclusion mechanisms. Despite the
ability of P. capillare to concentrate Cu as an accumulator,
the comparatively low levels in its tissue, and the reversion
of the strategy in most polluted plots would impede the use
of this species for phytoremediation of mine soils.

The value of this species in biomonitoring studies also
would be compromised, because we could not find a direct
relationship between the environmental copper and the con-
tent of this element in the tissues (Table 1; Fig. 3), both
in plots with the low copper levels and in plots with the
highest copper pollution. Our microanalytical observa-
tions (Fig. Sa—e; Table 2) also show considerable variabil-
ity between apical, young parts (with less copper content)
and senescent, basal areas of the moss shoots (with higher
levels), as it is to be expected in an active exclusion strat-
egy: living tissues would be able to expend more energy
in resistance mechanisms, whereas senescent tissues would
show more passive absorption. We also have detected high
internal variability even in similar samples from the same
plot. Again, this would represent another source of noise in
quantitative estimations of environmental copper.

Overall, the mixed strategy of this moss, and especially
the presence of an exclusion mechanism allowing a high
resistance to metal, does not support the use of P. capil-
lare for quantitative estimations of copper levels in the soil.
Some authors have warned against the use of mosses for
direct estimations of pollutants (Aboal et al. 2010, 2017,
Schroder et al. 2010). A similar caution note must be taken
into account in studies concerning the atmospheric deposi-
tion of these and other metals, because it is possible that
the resistance strategy found here is more widespread than
previously suspected. We thus recommend a careful exami-
nation of the species selected for biomonitoring before their
use in wide, systematic biomonitoring programs.

Conclusions

e The ability of Ptychostomum capillare to grow in heavily
polluted soil at this mine confirms its resistance to high
environmental Cu levels.

e The resistance strategy of this moss to Cu seems to be
mixed; at our mine, it is able to concentrate Cu when the
soil levels are not too high, whereas in the most polluted
plot, it shows an exclusion mechanism mediated by lipo-

philic substances, presumably waxes, which would act as
a barrier preventing the entry of the metal in the cells.

e This case study compromises the use of Ptychostomum
capillare in biomonitoring heavy metal pollution, as the
behavior observed would distort the direct estimation
of environmental Cu through the levels detected in its
tissues. Caution should be extended to other common
mosses that could be considered as potential candidates
for biomonitoring programs.
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