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a  b  s  t  r  a  c  t

This work  aimed  to define  the  molecular  and  chemical  signature  of  a  S. palustre  clone  developed  in  the
framework  of  the  EU-FP7  Mossclone  project  to improve  the  standardization  and reliability  of  the  moss-
bag  technique.  The  molecular  characterization  was  performed  by  a  set  of DNA  molecular  markers  (RAPD,
ISJ,  PCR-RFLP,  sequencing  and  microsatellites)  to  tag the  clone  produced  within  the project.  Molecular
characterization  also  provided  new  DNA  markers  that  can  be applied  in  systematic  analyses  of  Sphag-
num,  and  gave  new  insights  to implement  well  established  techniques.  The  elemental  composition  of  the
clone  was  measured  by  ICP-MS  analysis  of  54  major  and  trace  elements,  with  and  without  commonly
applied  pre-exposure  treatments  (oven  devitalization  and  EDTA  washing).  Concentrations  of  almost  all
analyzed  elements  were  significantly  lower  (from  10 to  100  times)  in  the clone  than  in  conspecific  field
moss,  apart  from  some  elements  (K, Mo,  P  and Na)  deriving  from  the  culture  medium  or EDTA  treatment.
Oven  devitalization  and  EDTA  washing  did  not  significantly  affect  the  clone  composition.  A compari-

son  between  the  elemental  composition  of  the clone  with  that  of  naturally  growing  Sphagnum  species
proved  the  particularly  low  elemental  content  of the clone.  Therefore,  in view  of  a rigorously  standard-
ized  moss-bag  protocol  for the  monitoring  of persistent  atmospheric  pollutants,  the  use  of  the  S.  palustre
clone,  a biomaterial  with  very  low  and  constant  element  composition,  and  homogenous  morphological
characteristics  is strongly  recommended.
. Introduction
Air pollution monitoring and management has been one of
he main European scientific and political concerns since the
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E-mail address: valeria.spagnuolo@unina.it (V. Spagnuolo).
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1970s. Three directives were adopted by EU for air quality ass-
esment and management (1999/30/EC, 2002/3/EC, 2004/107/EC
and 2008/50/EC) relating to metals, polycyclic aromatic hydro-
carbons, ozone, sulphur dioxide, nitrogen oxides and dioxide,

particulate matter in ambient air. A Clean Air Policy Package (CCEP-
COM/2013/0918) was  adopted in December 2013, with new air
quality objectives up to 2030.
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Mosses, either used as native species or as transplants (moss
ags), can accumulate airborne inorganic and organic pollutants,
epresenting a cost effective and reliable tool for air monitoring,
lso combined with automatic devices and emission inventories
Adamo et al., 2008a; Spagnuolo et al., 2013; Harmens et al., 2015;
odice et al., 2016). The biomonitoring with moss bags allows to
valuate the atmospheric deposition of persistent air pollutants
n a well-constrained time period, in areas lacking native species
uch as urban and industrial environments. It has the great advan-
age that can be standardized at each step, from species selection
o post-exposure treatments. As a rule, the moss exposed in bags
s harvested in pristine areas; however, significant differences in
aseline element contents and in accumulation performance exist
mong different species and even in the same species grown in
ifferent habitats, or in the same area but collected in different
eriods (e.g. Zechmeister et al., 2003; Couto et al., 2004; Tretiach
t al., 2011). The standardization of the moss bag technique is one
f the most pressing and crucial concern of biomonitoring (Ares
t al., 2012) and an essential prerequisite is the morphological
nd chemical homogeneity of the exposed material. In this sense,
evitalizing and EDTA-washing treatments are recommended dur-

ng moss preparation (Ares et al., 2014). Devitalization by oven
rying prevents moss deterioration and enables the efficiency of
ontaminant capture to remain constant, as capture is mainly due
o passive uptake processes that are independent of the vitality
f the moss (Adamo et al., 2007; Giordano et al., 2009; Fernández
t al., 2010). The use of chelating agents such as EDTA enhances
he release of metals bound to cation exchange sites (Lodenius
nd Tulisalo, 1984). EDTA washing in moss transplants decreases
lement content in pre-exposure biomaterial, making it more sen-
itive to environmental pollution inputs (Iodice et al., 2016). In the
ramework of the FP7 European project Mossclone, we firstly inves-
igated the surface properties related to metal accumulation by four
evitalized moss species widely used for biomonitoring purposes
González and Pokrovsky, 2014). Sphagnum sp. showed the high-
st uptake capability and afterwards, Beike et al. (2015) selected
nd axenically cloned Sphagnum palustre L., a species allowing
n photobioreactors the production of a suitable biomass for bag
reparation. Recently, the Sphagnum clone was studied in terms of
dsorption capacity of Cu and Zn (González et al., 2016), revealing
ts promising use as biomaterial in moss-bag technique.

This work aimed to define (i) the molecular and (ii) chemical sig-
ature of the S. palustre clone developed within the FP7 European
roject Mossclone. The molecular characterization was performed
y a set of DNA molecular markers to tag the clone. The elemental
omposition of the clone was estimated in relation to commonly
pplied pre-exposure treatments, such as oven devitalization and
DTA washing, and compared with that of naturally grown Sphag-
um species.

. Materials and methods

.1. Molecular characterization

Two different lines of the cloned moss S. palustre named 2a and
2a (Beike et al., 2015), and a reference field sample of S. palus-
re (FS) collected in Posta Fibreno (central Italy, 41◦41′42.69′′N,
3◦41′29.98′′E, 290 m a.s.l.; Terracciano et al., 2012) were analyzed.

n order to compose a clone-specific molecular tag we selected
nd applied several techniques among those suggested for molec-

lar markers in mosses (e.g. Crespo Pardo et al., 2014). Although
he highly preserved DNA of Sphagnum involves some difficul-
ies in the detection of polymorphisms at sub-specific levels, three
NA regions were selected among barcoding candidate sequences
cators 71 (2016) 388–397 389

suggested for mosses (Liu et al., 2010); in addition, both unilocus
and multilocus techniques were applied.

Total genomic DNA was  extracted using Dneasy Plant Mini Kit
(Quiagen) following the manufacturer instructions. The different
procedures for each technique are described below.

2.1.1. RAPD (Random Amplified Polymorphic DNA) and ISJs
(Intron-exon splice junctions)

RAPD amplifications were performed according to the protocol
reported in Skotniki et al. (1999), modified for the annealing tem-
perature (40 ◦C instead of 35 ◦C). Two  5′-FAM (blue fluorophore)
labeled primers (ISJ 04 and ISJ 10, see Sawicki and Szczecińska,
2007 for further details) were selected to obtain two character-
istic multiband patterns. The reactions were performed in a final
volume of 20 �l, containing 40 ng of genomic DNA, 1 U Taq poly-
merase, 10xPCR buffer (Fermentas, USA), 200 �M of each dNTP and
20 pmol of primer. The amplification protocol provided for a hot
start (1 min  at 94 ◦C), followed by 44 cycles including the steps:
denaturation at 94 ◦C for 1 min, annealing at 52 ◦C and 56 ◦C for
1 min  for the primers ISJ 04 and ISJ 10, respectively, and elonga-
tion at 72 ◦C for 80 s. A further final extension at 72 ◦C for 5 min
completed the PCR programme. Amplification products were sep-
arated by capillary electrophoresis in an ABI Prism 3730 Genetic
Analyzer (Applied Biosystem); fragments were visualized as an
electropherogram profile and size determinations were made by
GeneMapper ver. 3.1 Software (Applied Biosystem).

2.1.2. Sequences
The chloroplast regions matK, rbcL and trnH-psbA were ampli-

fied. The amplification products were purified (GFX PCR DNA  and
Gel Band Purification Kit – Amersham Biosciences – and sequenced
by BigDye Terminator ver. 3.1 Cycle Sequencing Kit (Applied Biosys-
tems), according to the manufacturer’s instructions. Sequence
reactions were run in an ABI Prism 3730 Genetic Analyzer (Applied
Biosystems); electropherograms were edited and aligned in Bioedit
ver. 7.1 to obtain consensus sequences. The GenBank accession
numbers of the sequences are KJ865421, KJ865420 and KJ865419,
respectively.

Five anonymous sequences were also developed by RAPD/ISJ
reliable amplification products. Amplified bands were excised from
the agarose gel and purified with the GFX PCR DNA and Gel Band
Purification Kit (Amersham Biosciences); fragments were ligated
into a bacterial vector using TA Cloning Kit Dual Promoter – pCR
II (Life Technologies) and used to transform Escherichia coli DH5�.
After transformation, white colonies were picked and transferred
to the PCR amplification mixtures (20 �l) and to a fresh LB plate for
a replica.

2.1.3. Microsatellites
Fifteen primer pairs (Shaw et al., 2008), indicated as 1, 3, 4, 5, 9,

10, 14, 17, 18, 19, 20, 22, 28, 29 and 30, were used for microsatellite
amplifications. According to the different size range of the products,
one of the primer for each pair was  5′-FAM or 5′-HEX labeled and
five different triple reactions were prepared and amplified follow-
ing the experimental procedures described in Shaw et al. (2008).
Amplification products were separated by capillary electrophore-
sis in an ABI Prism 3730 Genetic Analyzer (Applied Biosystems);
fragment profile was  visualized as an electropherogram by Gen-
eMapper ver. 3.1 Software (Applied Biosystems).

2.1.4. PCR-RFLP

The anonymous DNA region RAPDf was  amplified using the F-

F and F-R primers and following the protocol reported in Shaw
et al. (2003). The PCR products were purified by GFX PCR DNA and
Gel Band Purification Kit (Amersham Biosciences) and digested by
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 set of 17 restriction enzymes (Fermentas, Thermo Fisher Scien-
ific) according to manufacturer’s instructions. Amplified/digested
roducts were visualized by electrophoresis on 1.5 agarose gels.

.2. Chemical characterization

.2.1. Moss materials and pre-treatments
The elemental composition of S. palustre clone (line 12a) pro-

uced in photobioreactors (Beike et al., 2015) was determined in
riplicate after oven drying at 40 ◦C for 8 h (untreated clone, C-U)
nd after the following treatments: (1) EDTA washing and oven
rying at 40 ◦C for 8 h (C-EDTA); (2) oven devitalization by con-
ecutive 8 h-drying at 50, 80 and 100 ◦C (C-100); (3) EDTA washing
nd devitalization (C-EDTA100). The EDTA washing was performed
s follows: 1 wash for 20 min  with 10 mM EDTA (disodium salt
i-hydrate, Panreac; 1 l EDTA/12.5 g d.w. of moss) and 3 washes
f 20 min  each with distilled water (1 l distilled water/10 g d.w. of
oss).
Field samples of S. palustre from Posta Fibreno (see paragraph

.1) were also analyzed. Moss shoots were mixed and washed
ith Milli-Q water (18 M�,  Millipore, Bedford, MA,  USA) to remove
ebris and soil particles. Only the green shoots (about 3–4 cm from
he apical parts) were selected for the analysis, discarding brown
r senescent tissues. Three subsamples of the water-washed field
oss were dried at 40 ◦C for 8 h (untreated field samples, FS-U) and

ther three were devitalized in oven as described above (FS-100).

.2.2. Analytical determinations
Sphagnum palustre field and clone samples were acid digested

n a microwave (MARS 5 system CEM) in ISO 2 workstations in
he Géosciences Environnement Toulouse (G.E.T., Toulouse, France)
aboratory cleaning room (class A 10,000). Moss samples (0.1 g
.w. each) were mixed with 9 ml  bi-distilled HNO3, 0.2 ml  supra-
ure HF (Merck KGaA, Darmstadt, Germany) and 1 ml  suprapure
2O2 (Merck KGaA, Darmstadt, Germany) in 20 ml  Teflon con-

ainers (Savilex®). A one-stage digestion procedure consisting of
 20 min-holding stage at 150 ◦C, 1600 W and 100 psi was  applied.
fter cooling, the mineralized solutions were evaporated at 70 ◦C

or 24 h on a hot plate and the residue dissolved by sonication in
0 ml  of 2% HNO3. The elemental analysis was carried out by ICP-MS
sing an Agilent 7500 ce (Agilent Technologies, Santa Clara, Califor-
ia, USA). The concentrations of 54 elements, including rare earths,
ere evaluated as the mean of 100-times scanned measurements.
etails about the entire analytical procedure are available in Viers
t al. (2007, 2013) and Stepanova et al. (2015).

.2.3. Procedure control
Mineralization solutions without moss samples (i.e. blanks)

ere used as negative control (1 blank every 8 samples) to ensure
o contamination from the acid digestion. The concentrations of 16
lements (Cd, Co, Dy, Eu, Ga, Gd, Hf, Ho, Lu, Mg,  Na, Nb, Ni, P, Sn, Ta,
h, Tl, Tm and W)  in the blanks were always below the detection
imits. Erbium, Tb, U, Yb ranged between 0.1–1.0 ng/l. Beryllium, Ce,
s, Ge, La, Nd, Pr, Sb, Sm,  Y, Zr between 1.0–10 ng/l. Aluminium, As,
, Ba, Ca, Cr, Cu, Fe, Li, Mn,  Mo,  Pb, Pr, Rb, Sr, Te, Ti, V, Zn > 10 ng/l. Ele-
ent concentration data measured in moss samples were always

alculated by subtracting blank values.
Reference standard material BCR-482 was employed (1 control

ach digestion batch) to check the accuracy and precision of the
nalytical procedure. Data quality control was assessed by com-
aring the certified and measured values for BCR 482 reference
aterial in terms of recovery (%), and by checking the precision
f ICP analysis by the relative percentage differences (RPD) and
he relative standard deviation (RSD) among the reference material
eplicates. For all the elements measured in the reference material,
he recovery ranged between 71% (Cr) and 92% (Al) with only one
Fig. 1. RAPD amplification of the clone 12a; L = ladder 100 bp; lanes 2–5: DNA ampli-
fications of 4 different shoots by OPB15 primer; lanes 6–9: DNA amplifications of 4
different shoots by OPJ19 primer.

lower value for Cu (64%). The RPD was  about 20% for most elements,
with the exception of Sn (61%), Ta (53%) and W (49%). The preci-
sion of ICP analysis was considered acceptable, with the RSD values
lower than 10%, apart for Te (about 30%).

2.3. Data processing

The element concentrations of all moss samples were evaluated
as the average of three replicates for each sample and reported on
a dry weight basis. All data were processed using Microsoft Excel,
STATISTICA ver. 7 and the free R software ver. 3.2.2.

The non-parametric Kruskal Wallis test was  performed to check
significant differences in chemical composition between materials
and treatments. The Nemenyi test was used as post hoc,  according
to Zar (2010), who  suggests this test for comparison of groups with
an equal number of data.

Multivariate exploratory analysis was applied to the element
concentrations in moss samples. All the data were clustered after
standardization of the variables.

3. Results and discussion

3.1. Moss clone molecular characterization

Comparisons among different DNA extractions of the Sphagnum
clone 12a showed that some RAPD primers (OPB 15 and OPJ 19)
provided reproducible multiband patterns (Fig. 1). The RAPD tech-
nique is generally considered poorly reliable because the shortness
of the primers allows for the annealing to any DNA template even-
tually contaminating the sample. However, this problem is strongly
reduced in axenic plant material; moreover, the used annealing
temperature of 40 ◦C (i.e. 5 ◦C higher than that in the original
amplification protocol proposed by Skotniki et al. (1999), greatly

enhanced the stringency of the reaction and produced very con-
stant banding patterns.

The amplification of S. palustre DNA from cloned and field moss
samples by ISJ primers provided the fragments reported in Table 1.
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Table  1
ISJ analysis of the S. palustre clone (lines 2a and 12a) compared to the field sample.
Fragment length is given in bp.

Primer 2a 12a FS

ISJ 4 44 44 –
76 76 –
132 132 132

ISJ  10 70 70 –
110 110 –
132 132 132
166 166 –
175 175 –
187 187 –

Table 2
Primer sequences of the SCAR markers; for each primer pair the annealing temper-
ature (Tm) and the expected size (Es) of the amplification product are indicated.

Primer Sequence (5′-3′) Tm Es (bp)

S40 fw TTTTCCACATACACCACCGC 58.8 350
S40  rv AGTTAACGTTACCCAGGCGA 59.0

S42 fw ACGTCGGCTCTCAGGTATTC 59.3 400
S42  rv CTTCGTTGTGGGGTCTGTTG 59.1

S44 fw GCAGTAATTGATCTTGGCAACC 58.2 250
S44 rv TGCACTGCCAAAAGTTTCAG 57.4

T31 fw ACCACCACCACGCATAGAG 59.4 430
T31  rv AAATGTGTTGAAGACCCCATGA 58.2
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Fig. 2. Double digestion by Hind III/HinfI of RAPDf DNA region. L = ladder 100 bp; 2a
and 12a are two different lines of S. palustre clone; FS = field shoots. Each digestion
was performed on a different DNA extractions.

Table 3
Microsatellite analysis of the S. palustre clone (lines 2a and 12a) compared to the
field sample. Fragment length is given in bp and length polymorphism are in bold.

Locus (repeat motif) Sample

2a 12a FS

1 (CA) 244–254 244–254 244–254
3  (CA) 169 169 169
5  (GT) 192–198 192–198 188–192
9  (CT) 159–174 159–174 169–184
10 (GA) 233 233 233
14  (AG) 228 228 214
17  (AAG) 159 159 162
19  (AAG) 246–267 246–267 246–267
20  (TTC) 264–289 264–289 264–289
22  (GAT) 99–102 99–102 99–102
28  (AC) 225–237 225–235 225-235
T37 fw CGCATTCACAGGGCTCTAAC 59.0 580
T37  rv AGCTTGTAACGAAGGGACCT 58.7

hese primers, already tested in mosses, including those of the
enus Sphagnum (Sawicki et al., 2009; Sawicki and Szczecińska,
011), clearly distinguished different taxa and at within-species

evel. The primers are designed partly complementary to DNA
egion at the junction between intron and exon; as a consequence,
hoosing specific primer pairs, introns or exons should be ampli-
ed, at least in theory. But such characteristics do not avoid primer
nnealing in different regions, according to base pair complemen-
arities. To counterbalance this drawback, fragment separation was
arried out by capillary electrophoresis in order to enhance the
eliability of the procedure and to assign a precise length to each
ragment.

In addition to matK, rbcL and trnH-psbA regions (GeneBank
ccession codes KJ865419, KJ865420, KJ865421 for S. palustre clone
2a), five anonymous regions were developed and appropriate
rimer pairs were designed and tested in the clone (GeneBank
ccession codes KP889208, KP889209, KP889210, KP965888,
P965889). Primer sequences, with their annealing temperature
nd the expected size of each region, are given in Table 2. BLAST
nalysis against the GenBank database did not provide positive
its, confirming the anonymous nature of the five regions. Con-
idering the highly conserved genome of Sphagnum,  these novel
equences should provide high resolution as SCAR (Sequence Char-
cterized Amplified Region) markers, for detecting polymorphisms
n systematic studies.

As for PCR-RFLP, a technique already applied in mosses
Vanderpoorten et al., 2003), several nuclear and plastid DNA
egions (ITS, PsbC-TrnS and TrnF-V1) were tested by a set of 17
estriction enzymes before the anonymous regions RAPDa, RAPDb
nd RAPDf (Shaw et al., 2003), but no polymorphism was  found. The
ouble digestion of RAPDf with HinfI - HindIII derived in a character-

stic, reproducible band pattern for the clone (Fig. 2, see arrows). No

olymorphism and/or not reproducible multiband patterns were
rovided by the other restriction endonucleases.

Microsatellite analysis produced four polymorphisms between
he clone and field shoots (Table 3) at the loci 5, 9, 14 and 17; a
29  (AAG) 194–197 194–197 194–197
30  (GAT) 139–142 139–142 139–142

polymorphism was also observed between the two clone lines ana-
lyzed, at the locus 28.

3.2. Elemental signature of the clone and field samples

The exploratory multivariate analysis of the element concentra-
tions in the field (FS) and in the clone (C) S. palustre samples (see
Table 4) revealed two main clusters (a and b) clearly separating
them (Fig. 3). Both clusters were divided in sub-clusters generally
according to the different treatments, even if the between-group
variance was  not significant.

In general, regardless of treatment, most element concentra-

tions were significantly lower (p < 0.05) in the clone than in the
field moss (Table 4). Indeed, in the latter the concentrations of Al,
Ba, Cs, Hf, Nb, Pb, Ta, Y and rare earth elements were two  orders
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Table 4
Mean elemental concentrations (mg  kg−1 ± SD, n = 3) of S. palustre samples. FS = field moss; C = clone; U = untreated samples; 100 = devitalized samples; EDTA = EDTA-treated
moss; n. d. = not determined; ≤d. l. = concentrations under detection limit.

FS-U FS-100 C-U C-100 C-EDTA C-EDTA100

Al 1017 ± 10 953 ± 57 4.9 ± 0.3 55.9 ± 0.7 6.4 ± 1.6 1.8 ± 0.3
As  0.29 ± 0.02 0.25 ± 0.03 0.021 ± 0.003 0.018 ± 0.002 0.016 ± 0.002 0.015 ± 0.002
B  2.8 ± 0.5 12.4 ± 0.3 6.9 ± 0.7 13.3 ± 0.3 1.8 ± 0.2 2.0 ± 0.2
Ba  17.8 ± 1.0 17.8 ± 1.4 0.06 ± 0.01 0.199 ± 0.006 0.30 ± 0.08 0.28 ± 0.04
Be  0.04 ± 0.003 0.035 ± 0.005 0.00169 ± 0.00001 0.0022 ± 0.0001 n. d. n. d.
Cd  0.11 ± 0.01 0.07 ± 0.01 0.007 ± 0.001 0.006 ± 0.001 0.004 ± 0.001 0.003 ± 0.0002
Co  0.32 ± 0.03 0.30 ± 0.04 0.31 ± 0.02 0.30 ± 0.02 0.010 ± 0.001 0.0096 ± 0.0004
Cr  1.3 ± 0.1 1.3 ± 0.3 0.04 ± 0.01 0.22 ± 0.01 0.0383 ± 0.0004 0.07 ± 0.07
Cs  0.23 ± 0.02 0.20 ± 0.04 0.00039 ± 0.00004 0.0026 ± 0.0001 0.003 ± 0.001 0.0016 ± 0.0001
Cu  3.1 ± 0.2 3.0 ± 0.5 0.79 ± 0.08 0.79 ± 0.03 0.83 ± 0.08 0.82 ± 0.05
Fe  442 ± 1 391 ± 27 109 ± 18 111 ± 7 79.8 ± 2.6 93.4 ± 0.7
Ga  0.21 ± 0.01 0.19 ± 0.03 0.010 ± 0.001 0.01 ± 0.00 0.007 ± 0.004 0.0032 ± 0.0001
Ge  0.024 ± 0.002 0.035 ± 0.005 0.0007 ± 0.0002 0.00056 ± 0.00004 0.0007 ± 0.0003 0.0009 ± 0.0002
Hf  0.046 ± 0.003 0.04 ± 0.01 0.0010 ± 0.0002 0.0008 ± 0.0001 0.0005 ± 0.0002 0.00029 ± 0.00003
Li  0.51 ± 0.04 0.43 ± 0.08 0.010 ± 0.001 0.032 ± 0.001 0.03 ± 0.02 0.0232 ± 0.0002
Mn  60.3 ± 3.6 48.4 ± 5.9 109 ± 6 103 ± 5 6.5 ± 0.4 6.2 ± 0.2
Mo  0.11 ± 0.01 0.09 ± 0.02 3.1 ± 0.6 2.95 ± 0.12 3.0 ± 0.4 2.8 ± 0.2
Na  693 ± 1 656 ± 37 13.6 ± 1.0 20.2 ± 0.6 1867 ± 11 1845 ± 46
Nb  0.23 ± 0.03 0.19 ± 0.05 0.0008 ± 0.0001 0.0006 ± 0.0001 0.0005 ± 0.0003 0.0003 ± 0.0001
Ni  1.1 ± 0.1 1.0 ± 0.2 0.11 ± 0.03 0.16 ± 0.06 0.06 ± 0.03 0.55 ± 0.33
Pb  2.0 ± 0.2 1.9 ± 0.4 0.016 ± 0.002 0.05 ± 0.02 0.02 ± 0.01 0.006 ± 0.001
Rb  6.9 ± 0.5 5.2 ± 0.9 0.39 ± 0.03 0.38 ± 0.01 0.37 ± 0.02 0.36 ± 0.02
Sb  0.16 ± 0.02 0.18 ± 0.02 0.006 ± 0.002 0.017 ± 0.003 0.004 ± 0.001 0.06 ± 0.03
Sn  1.1 ± 0.2 0.58 ± 0.12 0.020 ± 0.003 0.013 ± 0.001 0.16 ± 0.01 0.17 ± 0.02
Sr  24.5 ± 1.1 21.9 ± 3.5 1.7 ± 0.1 2.6 ± 0.1 1.55 ± 0.05 1.6 ± 0.1
Ta  0.014 ± 0.002 0.011 ± 0.003 0.00013 ± 0.00002 0.00009 ± 0.00003 0.00009 ± 0.00004 0.00008 ± 0.00002
Te  ≤d. l. ≤d. l. n. d. ≤d. l. n. d. n. d.
Ti  22.7 ± 1.8 18.6 ± 3.6 0.89 ± 0.11 0.81 ± 0.01 0.76 ± 0.06 0.68 ± 0.05
Tl  0.025 ± 0.003 0.019 ± 0.004 0.013 ± 0.001 0.013 ± 0.004 0.010 ± 0.001 0.0113 ± 0.0003
V  1.8 ± 0.1 1.5 ± 0.3 0.046 ± 0.004 0.061 ± 0.002 0.05 ± 0.02 0.040 ± 0.002
W  0.030 ± 0.003 0.02 ± 0.01 0.006 ± 0.002 0.0047 ± 0.0005 0.004 ± 0.001 0.0037 ± 0.0004
Zn  24.2 ± 1.2 20.6 ± 3.5 51.7 ± 3.1 51.0 ± 1.5 8.5 ± 0.3 9.2 ± 0.4
Zr  1.6 ± 0.1 1.3 ± 0.2 0.05 ± 0.01 0.043 ± 0.003 0.03 ± 0.01 0.019 ± 0.003

macronutrients
Ca  9121 ± 84 7140 ± 403 6950 ± 130 6719 ± 86 2446 ± 46 2245 ± 32
K  2692 ± 42 2262 ± 160 12647 ± 159 12228 ± 267 9465 ± 78 9135 ± 289
Mg  2069 ± 26 1443 ± 68 1095 ± 0.5 1.018 ± 40 887.5 ± 1.8 879 ± 12
P  258.4 ± 10.5 292.3 ± 9.4 2175 ± 63 1931 ± 26 1716 ± 9 1543 ± 11

Actinoids and Rare Earths
Ce 1.2 ± 0.1 1.0 ± 0.2 0.002 ± 0.001 0.0075 ± 0.0003 0.0012 ± 0.0001 0.0026 ± 0.0004
Dy  0.07 ± 0.01 0.06 ± 0.01 0.00015 ± 0.00002 0.00055 ± 0.00007 0.00015 ± 0.00002 n. d.
Er  0.034 ± 0.004 0.030 ± 0.005 0.00010 ± 0.00003 0.0002 ± 0.0001 0.00009 ± 0.00001 0.0001 ± 0.0001
Eu  0.022 ± 0.002 0.018 ± 0.003 0.00005 ± 0.00003 0.00019 ± 0.00002 0.000059 ± 0.000004 0.0001 ± 0.0001
Gd  0.09 ± 0.01 0.08 ± 0.02 n. d. 0.0008 ± 0.0002 0.00022 ± 0.00002 n. d.
Ho  0.012 ± 0.001 0.011 ± 0.002 ≤d. l. 0.00008 ± 0.00003 ≤d. l. ≤d. l.
La  0.64 ± 0.06 0.55 ± 0.10 0.002 ± 0.001 0.005 ± 0.001 0.0010 ± 0.0002 0.001 ± 0.001
Lu  0.0044 ± 0.0004 0.004 ± 0.001 ≤d. l. 0.00006 ± 0.00002 ≤d. l. n. d.
Nd  0.52 ± 0.05 0.67 ± 0.15 0.0016 ± 0.0002 0.0033 ± 0.0002 0.0006 ± 0.0001 0.001 ± 0.001
Pr  0.15 ± 0.01 0.12 ± 0.02 0.0004 ± 0.0001 0.0009 ± 0.0001 0.00018 ± 0.00004 0.0002 ± 0.0001
Sm  0.10 ± 0.01 0.09 ± 0.01 0.0004 ± 0.0001 0.0008 ± 0.0001 0.001 ± 0.001 0.0002 ± 0.0002
Tb  0.012 ± 0.001 0.011 ± 0.002 0.00004 ± 0.00001 0.00010 ± 0.00002 ≤d. l. ≤d. l.
Th  0.12 ± 0.03 0.122 ± 0.029 0.009 ± 0.004 0.013 ± 0.005 0.006 ± 0.002 0.009 ± 0.006
Tm  0.0047 ± 0.0003 0.004 ± 0.001 n. d. 0.00005 ± 0.00002 0.00005 ± 0.00001 n. d.

o
t
M
m
E
i
m
v
t
2
r
b
f

U  0.05 ± 0.01 0.04 ± 0.01 0.003 ± 0.001 

Y  0.33 ± 0.02 0.29 ± 0.05 0.0009 ± 0.0002 

Yb  0.030 ± 0.002 0.027 ± 0.005 0.0002 ± 0.0001 

f magnitude higher and more than 10 times higher for almost all
he other elements. The clone had significantly higher (p < 0.05) K,

o,  P concentrations, likely due to their occurrence in the culture
edium, and higher Na concentrations in EDTA treated samples (C-

DTA and C-EDTA100; Table 4). The high content of these elements
n the clone tissues could interfere with the ability of the clone to

onitor their occurrence in the environment, especially at low or
ery low pollution levels. Nevertheless, element concentration in
he culture medium was established after several trials (Beike et al.,

015) and only further experiments might test the possibility to
educe them in the growing culture. Likely, an additional rinsing
y distilled water might help to wash out the elements deriving
rom culture medium.
0.0030 ± 0.0001 0.003 ± 0.001 0.0032 ± 0.0004
0.0025 ± 0.0001 0.0006 ± 0.0001 0.0006 ± 0.0002
0.0003 ± 0.0001 n. d. 0.00016 ± 0.00002

The high concentrations of some typical soil elements (i.e., Al, Fe,
Ti, Ca and Mg)  in the field samples would suggest the contribution of
soil dust to the moss chemical composition (Bargagli, 1998; Adamo
et al., 2008b).

Devitalization is a very useful option for biomonitoring with
moss transplants because bryophytes maintain a remarkable metal
uptake capability and the lack of metabolic activity during the
exposure reduces the variability of the results (Adamo et al., 2007;
Giordano et al., 2009; Fernández et al., 2010; Capozzi et al., 2016).

The oven devitalization, as well as the EDTA treatment, did not pro-
duce any substantial changes in the elemental composition of the
moss samples; no statistically significant difference was observed
between FS-U and FS-100, and between C-U and C-100 or in the
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ig. 3. Cluster Analysis of the element concentration data related to FS and C Sphag-
um samples. For the labels see paragraph 2.2.1.

. palustre clone with and without EDTA treatment. The treatment
ith EDTA, a well-known chelating agent, useful to decrease metal

oncentrations in field mosses and to increase their cation exchange
apability before the exposure (e.g. Lodenius and Tulisalo, 1984;
erreira et al., 2009; Chen et al., 2015; Iodice et al., 2016), had no
vident effect on the clone elemental composition, likely in virtue
f the already very low element concentrations in the biomaterial.
n the other hand, the EDTA washing added Na and induced mor-
hological damages to the moss clone, making its shoots and leaves
ery fragile (see SEM micrographs in Fig. 4). On the base of these
bservations, we suggest to omit this treatment in the set-up of
lone bags.

The comparison of the clone elemental composition with litera-
ure data for other Sphagnum species is made difficult by differences
n sample preparation and chemical digestion procedures. Nev-
rtheless, the treated and untreated clone samples had the same
evels or even lower element concentrations than other Sphag-
um species collected for biomonitoring purposes from reference
reas of the world (Table 5). The only exceptions were S. cristatum
rom New Zealand (washed with conc. HNO3 before the exposure;

rchibold and Crisp, 1983), S. olafii from Greenland (moss species
hosen to provide a baseline element content useful for estimating
ollution levels in Europe, according to the UNECE ICP Vegetation
onitoring programme; Zechmeister et al., 2011) and S. girgensonii

Fig. 4. Scanning electron micrographs of S. palustre 
cators 71 (2016) 388–397 393

from Russia (Aničić et al., 2009a,b). The acid washing as moss devi-
talizing treatment was criticized by recent studies (e.g. Adamo et al.,
2007; Tretiach et al., 2007) recommending rather the use of other
methods making treated moss shoots less fragile and consequently
reducing the loss of material during the exposure.

The moss clone grown in bioreactors with fixed temperature,
pH, light and composition of the culture medium (Beike et al., 2015)
had a much more homogenous chemical composition than the field
moss, exposed to changes in climatic conditions, element bioavail-
ability, metabolic activity and growth rate (Bates, 2000; Stepanova
et al., 2015).

4. Conclusions

Molecular analyses based on unilocus and multilocus DNA
markers characterized a S. palustre clone developed within the
Mossclone Consortium, with the intent to tag the clone. This step
also provided new DNA markers that can be applied in system-
atic analyses of Sphagnum,  and gave new insights to implement
well known techniques for molecular analyses of mosses. Compar-
isons among the elemental concentration of S. palustre naturally
growing in background areas and that of differently treated clones
showed that the latter have much lower and homogenous ele-
ment concentrations, providing an excellent biomaterial for the
monitoring of persistent air pollutants by moss-bags. The concen-
trations of 54 elements were determined and only those of K, Mo
and P were higher in the clone; these elements derive from the cul-
ture medium and their content can probably be reduced through
pre-exposure additional water rinsing. Due to very low element
concentrations, near or under detection limits for rare earths, this
biomaterial seems particularly suitable to monitor atmospheric
depositions also in low polluted environments and for short expo-
sure periods. Although these properties are independent of the
clone pre-treatments, we recommend the devitalization as a key
pre-treatment step because it ensures a standardized biomaterial
“ready to use”. By virtue of its peculiar physicochemical prop-
erties (specific surface area, cationic exchange capacity, binding
sites) henancing metal uptake capacity (González and Pokrovsky,
2014; González et al., 2016), this biomaterial proved an excellent
biomonitor compared to field grown Pseudoscleropodium purum in

a test with moss bags (unpublished results). Therefore, we  encour-
age the use of this biomaterial, with low and stable elemental
signature, in air pollution biomonitoring, in the view of a com-
pletely standardized moss-bag protocol.

clone before (a) and after EDTA treatment (b).
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Table 5
Elemental concentrations (mean values; mg kg−1) of S. palustre clone (C) in Sphagnum spp. from background world areas. n.d. = not detectable; <d.l. = under the detection limit. Colored cells indicate the lowest (blue) and the
second  lowest (light blue) concentration values. For the label codes see the text. (For interpretation of the references to colour in this table legend, the reader is referred to the web  version of this article.)

 

Sphagnu m 
species

Geographical 
area

Al As B Ba Be Cd Ce Co Cr Cs Cu Dy Er Eu Fe Ga Gd Hf La Lu Mn Mo

C-U 4.9 0.021 6.9 0.06 0.001 7 0.00 7 0.00 2 0.31 0.04 0.0003 9 0.79 0.0001 5 0.00 010 0.0000 5 109 0.010 n.d. 0.001 0.002 ≤ d.l. 109 3.1

C-100 56 0.018 13.3 0.02 0.002 2 0.00 6 0.00 7 0.3 0.22 0.002 6 0.79 0.0005 5 0.00 02 0.0001 9 111 0.01 0.0008 0.0008 0.005 0.000 06 103 2.95

C-EDTA 6.4 0.016 1.8 0.30 n.d. 0.00 4 0.00 1 0.01 0 0.038 3 0.00 3 0.83 0.0001 5 0.00 009 0.0000 59 80 0.007 0.0002 0.0005 0.001 ≤ d.l. 6.5 3.0

C-EDTA10 0 1.8 0.015 2.0 0.28 n.d. 0.00 3 0.00 3 0.009 6 0.07 0.001 6 0.82 n.d. 0.00 01 0.0001 93 0.0032 n.d. 0.0002 9 0.001 n.d. 6.2 2.8

S. pa lustre
1 Poland 0.19 6.4 0.08 5 0.28 150 0.15 0.16

S. olafii
2
* Greenland 322 0.114 0.04 1 0.70 5 1.03 0.041

S. cristatum
3 New Zeland 0.000 7 0.0039 2 0.0025

S. girgensohnii
4 Russia 254 0.11 17 0.38 0.37 0.26 0.31 297 0.19 114

S. girgensohnii 5 Russia 167 0.1 19 0.01 1 0.17 9 0.17 7 0.17 0.26 0.20 5 0.05 7 0.005 0.005 150 0.041 0.003 0.099 0.0006 341 0.126

S. girgensohnii 6 Russia 254 0.11 0.18 0.25 2.1 297 113

S. girgensohnii 7 Finland 132

S. girgensohnii 8 Bulga ria 1043 0.67 56 0.3 0.33 1.7 0.28 7.6 864 0.23 0.078 0.6 173

S. girgensohnii
9 Russia 347 0.13 20 0.43 0.62 0.28 1.4 0.43 219 37 0.26 372 0.086

S. girgensohnii
9 Bulga ria 1187 0.52 44 1.1 1 0.3 1.6 0.27 665 63 0.65 302 0.11

S. girgensohnii
10 Russia 300 27 0.03 0.18 0.31 1 0.32 0.28 3.8 0.01 9 0.009 0.0058 330 0.07 0.07 0.16 0.0011 230 0.21

S. capilli foli um
11 Bulga ria 600 0.54 0.4 6.3 1200 198

S. capilli foli um
12 Italy 1108 0.11 0.38 0.43 1.6 5.54 675 552 0.41

S. capilli foli um 13 Italy 1108 0.11 0.38 0.43 1.6 5.54 675 552 0.41

S. capilli foli um 14 Italy 0.9 1.37 4.3 506

S. angustifoli um 15 Canada 537 4.8 23 3 0.2 1.1 8.2 383 10.5 0.5

S. auriculatum
16 Portuga l 0.2 7.5 156 0.22

S. teres
11 Bulga ria 500 0.48 0.2 5.1 600 246

S. fuscum
17 Canada

S. fuscum
18 Sweden 318 0.25 2.98 13 .69 0.00 8 0.22 0.93 0.29 0.70 0.14 4.11 0.03 7 0.035 0.015 349,00 0.65 0.14 0.60 0.004 102.8 0.21

S. pa pill osum
19 Scotland

S. subsecun dum 19 Scotland

S. fall ax 20 Poland 0.25

S. fall ax 21 Poland 0.16

Sphagnu m  sp.22 Wales 2.9 3.8

Sphagnu m  sp.
23 England
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Sphagnum 
species

Geographical 
area

Nb Ni Pb Pr Rb Sb Sm Sn Sr Ta Tb Te Th Ti Tl Tm U V W Y Yb Zn

C-U 0.0008 0.11 0.01 6 0.0004 0.39 0.006 0.0004 0.02 1.7 0.00 013 0.00004 n.d. 0.00 9 0.89 0.013 n.d. 0.003 0.046 0.00 6 0.0009 0.0002 52

C-100 0.0006 0.16 0.05 0.0009 0.38 0.017 0.0008 0.013 2.6 0.00 009 0.00010 0.003 0.01 3 0.81 0.013 0.00005 0.003 0 0.061 0.0047 0.0025 0.0003 51

C-EDTA 0.0005 0.06 0.02 0.00018 0.37 0.004 0.001 0.16 1.55 0.00 009 ≤ d.l. n.d. 0.00 6 0.76 0.010 0.00005 0.003 0.05 0.00 4 0.0006 n.d. 8

C-EDTA100 0.0003 0.55 0.00 6 0.0002 0.36 0.06 0.0002 0.17 1.6 0.00 008 ≤ d.l. n.d. 0.00 9 0.68 0.011 n.d. 0.003 2 0.040 0.0037 0.0006 0.000 16 9

S. palustre 1 Poland 17 0.087 0.023 0.04 3 28

S. olafii 2 * Greenland 0.16 0.002 0.013 5

S. cristatum 3 New Zeland 0.0001 0.023

S. girgensohnii 4 Russia 2.5 71 0.04 0.021 7.6 n.d. 0.02 7 n.d. 0.015 0.5 n.d. 21

S. girgensohnii 5 Russia 0.01 7 1.69 0.01 9 50.5 0.013 6.9 0.0009 0.0018 0.001 0.01 6 4.25 0.014 0.0007 0.007 0.52 0.02 7 0.05 3 0.04 5 23.7

S. girgensohnii 6 Russia 2.4 2.2 0.54 20

S. girgensohnii 7 Finland

S. girgensohnii 8 Bulgaria 1.4 15 0.095 0.14 26 0.025 0.014 0.19 66 0.097 2.1 36

S. girgensohnii 9 Russia 2.5 29 0.056 34 16 7 45 0.022 1 1 27

S. girgensohnii 9 Bulgaria 2.1 12 0.085 88 41 21 140 0.057 3 0.52 60

S. girgensohnii 10 Russia 1.6 3.5 0.03 5 65 0.04 0.03 10 0.034 0.01 9 0.022 0.0019 0.45 0.07 25

S. capilli foli um 11 Bulgaria 2.5 24 35

S. capilli foli um 12 Italy 2.4 18.9 11.46 1.55 83

S. capilli foli um 13 Italy 2.4 18.9 11.46 1.55 83

S. capilli foli um 14 Italy 1.23 29.9 2.15 98

S. angusti folium 15 Canada 0.8 0.1 22 .3 1.3 1 46

S. auriculatum 16 Portuga l 3.1 30 71

S. teres 11 Bulgaria 2.3 19 62

S. fuscum 17 Canada 5.7 20

S. fuscum 18 Sweden 1.23 3.41 0.12 9.58 0.19 0.08 29.43 0.012 0.09 0.013 0.004 0.049 1.11 0.36 0.02 9 42.16

S. papillosum 19 Scotland 19.6

S. subsecundum 19 Scotland 20.1

S. fall ax 20 Poland 4 27

S. fall ax 21 Poland 2.5

Sphagnum  sp.22 Wales 4.9

Sphagnum  sp.23 England 6.2

Underlined: mean concentrations of a sample constituted by both S. fuscum and S. tenellum.
*Mean concentrations of a sample constituted by both S. olafii and Aulacomnium turgidum.
1Szczepaniak et al. (2007), 2Zechmeister et al. (2011), 3Archibold and Crisp (1983), 4Aničić et al. (2008), 5Aničić et al. (2009a), 6Aničić et al. (2009b), 7Kupiainen and Tervahattu (2004), 8Culicov and Yurukova (2006), 9Culicov et al.
(2005), 10Vuković et al. (2015), 11Yurukova and Ganeva (1997), 12Adamo et al. (2003), 13Giordano et al. (2005), 14Vingiani et al. (2015), 15Archibold (1985), 16Vasconcelos and Tavares (1998), 17Goodarzi et al. (2002), 18Calabrese
et  al. (2015), 19Ratcliffe (1975), 20Dmuchowski and Bytnerowicz (2009), 21Dmuchowski et al. (2011), 22Muskett (1976), 23Al-Radady et al. (1994).
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Sawicki, J., Szczecińska, M.,  2007. Semi-specific intron-exon splice junction
markers in bryophyte studies. Biodiv. Res. Conserv. 5 (8), 25–30.
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