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Abstract – The effects of enhanced UV-B radiation on UV-absorbing compounds (UVAC),
the maximum quantum yield of photosystem II (Fv/Fm), DNA integrity, and the
sclerophylly index, were analyzed in the mosses Bryum pseudotriquetrum and Fontinalis
antipyretica. The study was performed for 31 days under laboratory conditions. Enhanced
UV-B increased the bulk level of the vacuolar soluble UVAC (SUVAC) in both mosses and
the concentration of two different soluble kaempferols in B. pseudotriquetrum. However,
enhanced UV-B had no effect on the bulk level of cell wall-bound insoluble UVAC
(WUVAC) in both mosses and the concentration of insoluble p-coumaric acid in
F. antipyretica. Thus, the insoluble fraction would be less UV-B-responsive than the soluble
one. This probably happened because (1) the constitutively high bulk level of WUVAC (and
noticeably higher than that of SUVAC) would already provide a sufficiently effective
protection; and (2) WUVAC would be relatively immobilized in the cell wall, which would
limit the reaction capacity of these compounds to UV-B. The protective mechanisms
developed by both mosses could not totally prevent UV-B damage, which was indicated by
the modest decrease of Fv/Fm and the increase in DNA damage. We discuss the ecological
and phylogenetic implications of the differences in UVAC compartmentation between
liverworts and mosses.

UV-B radiation / UV-absorbing compounds / Ozone depletion / Mosses / Compartmentation /
Vacuoles / Cell walls

INTRODUCTION

Ultraviolet (UV) radiation is a minority part of solar radiation, but it has
important biological effects on the morphology and physiology of photosynthetic
organisms, including bryophytes (Boelen et al., 2006; Newsham & Robinson, 2009;
Martínez-Abaigar & Núñez-Olivera, 2011). The amount of solar UV-B (280-315 nm)
radiation reaching the ground has increased due to the anthropogenic ozone
reduction. At northern mid-latitudes, ozone loss has been estimated around 6%
in the last 30 years, which might have resulted in a UV-B increase of up to 12%
(McKenzie et al., 2003). The future trend for UV-B radiation is notably uncertain,
in particular due to the influence of climate change factors (McKenzie et al., 2007;
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Hegglin & Shepherd, 2009). In addition, ozone mini-holes may cause up to 33%
decreases in ozone and consequent transitory UV-B increases between 43 and
75% (Antón et al., 2007). Thus, the study of UV-B effects on organisms will be
an important issue in the coming several decades.

In photosynthetic organisms, increased UV-B may trigger diverse
damage, repair and acclimation processes, so that the plant can cope with the new
situation (Jansen et al., 1998). Thus, damage to DNA and the photosynthetic
apparatus (pigment degradation, photoinhibition, and decreases in photosynthetic
rates and enzyme activities) may be counteracted by protective mechanisms, such
as DNA repariring, antioxidant systems and the accumulation of UV-absorbing
compounds (UVAC), mainly phenolics.

The bulk UV absorbance of methanolic plant extracts has been the most
used variable to globally measure UVAC and the associated UV protection
capacity. This variable has been notably valuable in the context of UV research,
being the one that most consistently responded to enhanced UV-B in
tracheophytes and bryophytes (Searles et al., 2001; Newsham & Robinson, 2009).
Nevertheless, this variable can be usefully complemented by the measurement of
the specific individual UVAC contributing to that bulk UV absorbance, since
each compound may respond to UV-B differently (Kotilainen et al., 2008).
Furthermore, Schnitzler et al. (1996) measured both the bulk UV absorbance and
specific UVAC in two different cell compartments of pine needles: the soluble
fraction (mainly located in the vacuole), and the insoluble cell wall-bound
fraction. Diacylated flavonol glycosides, such as 3’’,6’’-di-p-coumaroyl-
isoquercitrin and 3’’,6’’-di-p-coumaroyl-astragalin, were present in the soluble
fraction, whereas 4-coumaric acid and ferulic acid were found in the insoluble
fraction. The differentiation between soluble and insoluble fractions is relevant,
especially in the monostratified leaves of bryophytes, because cell wall-bound
insoluble UVAC (WUVAC) would provide a more efficient UV screen than
intracellular soluble UVAC (SUVAC), and thus could enhance UV-B tolerance
(Clarke & Robinson, 2008).

The effects of UV-B on bryophytes are not properly understood yet, in
spite of the important work carried out mainly in the last decade (see recent
reviews in Boelen et al., 2006; Newsham & Robinson, 2009; Martínez-Abaigar &
Núñez-Olivera, 2011). In particular, UVAC compartmentation between vacuoles
and cell walls has been little studied (Taipale & Huttunen, 2002; Clarke &
Robinson, 2008; Snell et al., 2009; Fabón et al., 2010; Lappalainen, 2010). This
issue may be important in such structurally simple plants as bryophytes, since their
UVAC compartmentation is much simpler than that of tracheophytes and thus
easier to model. In addition, it has been hypothesized that liverworts and mosses
may show different compartmentations: liverworts would have a higher bulk level
of SUVAC than of WUVAC (Fabón et al., 2010), whereas the inverse pattern
would be found in mosses (Clarke & Robinson, 2008; Lappalainen, 2010). More
studies on the compartmentation of UVAC in bryophytes and its responses to
enhanced UV-B are needed to test this hypothesis.

The aim of the present study was to examine, under laboratory
conditions, the response of the UVAC compartmentation of two mosses (Bryum
pseudotriquetrum and Fontinalis antipyretica) to enhanced UV-B radiation, given
that previous studies with these mosses (Martínez-Abaigar et al., 2003; Núñez-
Olivera et al., 2004; Martínez-Abaigar et al., 2009) did not take into account this
important issue. We measured the bulk levels of SUVAC and WUVAC, together
with specific UVAC belonging to the two main types of UV-protective phenolics,
hydroxycinnamic acids and flavonoids, that can be located in both the soluble and
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cell wall fractions (Dixon & Paiva, 1995; Schmitz-Hoerner & Weissenbock, 2003).
We also measured the maximum quantum yield of photosystem II (Fv/Fm), DNA
integrity, and the sclerophylly index, which could indicate the damage effects
caused by enhanced UV-B on the photosynthetic apparatus, DNA, and growth.
The simultaneous evaluation of damage and protection mechanisms would serve
to a better understanding of the tolerance and acclimation to enhance UV-B in
the mosses used, and also to accumulate information on the different strategies
developed by bryophytes regarding UVAC compartmentation.

MATERIALS AND METHODS

Experimental design

Unshaded and submerged samples of two aquatic mosses, Bryum
pseudotriquetrum (Hedw.) P.Gaertn. et al. and Fontinalis antipyretica Hedw., were
collected on 15 November 2007 at the first-order stream Lumbreras (1903 m
altitude, 42º00’30’’ N, 02º38’40’’ W), in La Rioja (northern Spain). The material
was rinsed with stream water and transported to the laboratory in a portable
icebox. Species were identified using a standard key (Casas et al., 2006). Bryum
pseudotriquetrum is an acrocarpous moss which forms green, reddish or brown
tufts composed by several cm tall shoots covered in its basal part with a brown
mat of rhizoids. Leaves are lanceolate and decurrent, and have a reddish base, a
border of narrow cells and a thick and shortly excurrent nerve. Fontinalis
antipyretica is a large pleurocarpous moss that forms dangling submerged masses
ranging in colour from bright green to brownish. Its ovate and strongly keeled
leaves, which lack a nerve, give the shoots a characteristic three-sided appearance.

For each species, green healthy apices were selected and distributed into
15 plastic tubes provided with a basal net which prevented material losses. The
30 tubes were placed in a circulating bath system within a growth chamber. The
bath was filled with air-bubbled stream water (pH 6.8, conductivity 21 µS cm–1)
which was maintained at a constant temperature of 10ºC using an immersion
chiller. The radiation was provided by a Hönle SOL 1200RF2 lamp (Dr. Hönle
AG UV-Technologie, Gräfelfing/Munich, Germany) and Sylvania Coolwhite
(Osram-Sylvania, Madrid, Spain) and True-lite full spectrum (True Sun,
Steubenville, OH, USA) fluorescent tubes. Spectral characteristics have been
published elsewhere (Gröniger et al., 1999). By covering the tubes with specific
UV cut-off foils, three radiation regimes were randomly assigned to the tubes (in
five replicates for each regime):

– P (photosynthetically active radiation, PAR, alone), using Ultraphan
395 (Digefra GmbH, Munich, Germany), which cut off all UV radiation.

– PA (PAR + UV-A), using Folex 320 (Folex GmbH, Dreieich,
Germany), which cut off UV-B and UV-C radiation.

– PAB (PAR + UV-A + UV-B), using Ultraphan 295 (Digefra GmbH,
Munich, Germany), which cut off UV-C radiation.

The filters were pre-irradiated for one hour and replaced every week.
Samples were cultivated with a 12:12 photoperiod for 31 days, replacing weekly
the water in the culture. The UV source (Hönle lamp) was switched on around
noon for 7 h per day (square-wave). Table 1 shows the radiation conditions in the
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three different regimes. The plants under the PAB regime received a daily UV-B
dose of 28.2 kJ m–2, which was required to mimic a 20% ozone depletion as
calculated with a computer model (Björn & Teramura, 1993). The biologically
effective UV irradiance (UVBE) was estimated using classic and modern action
spectra: the generalized plant damage action spectrum normalized at 300 nm
(Caldwell, 1971), the DNA damage spectrum (Setlow, 1974), and that of Flint &
Caldwell (2003). Plants were submerged at 1-2 cm depth, which attenuated less
than 0.01% the photosynthetic and UV wavelengths. The spectral irradiances
were measured using a spectroradiometer (Macam SR9910, Macam Photometrics
Ltd, Livingstone, Scotland), and PAR was measured with a quantum sensor
(LI-190SA, LI-COR, Lincoln, NE, USA).

Physiological measurements

The sclerophylly index (SI) was calculated at the end of the experiment,
as the quotient between the dry mass (DM: 60ºC for 24 h) and the surface area
of the prostrate apex (LI-COR LI-3000 area meter, Lincoln, NE, USA).
Previously, fresh mass was measured. The maximum quantum yield of PSII
(Fv/Fm) was periodically measured at predawn with a portable pulse amplitude
modulation fluorometer (MINI-PAM, Walz, Effeltrich, Germany) following
Núñez-Olivera et al. (2004). DNA damage was evaluated by detection of
thymine dimers, using UV-C irradiated DNA of the plasmid pBSK for
calibration (for details, see Otero et al., 2006). Samples for the analysis of DNA
damage were taken at the end of the light period on the final day of the
experiment.

In both species, the bulk level of UV-absorbing compounds (UVAC) was
analyzed by spectrophotometry (Perkin-Elmer λ35 spectrophotometer, Perkin-
Elmer, Wilton, CT, USA) in the soluble fraction (SUVAC, presumably mainly
located in the vacuoles) and the insoluble cell wall-bound fraction (WUVAC).
For these analyses (Fabón et al., 2010), fresh shoot apices were frozen in liquid N2
and ground in a TissueLyser (Qiagen, Hilden, Germany). Then, 5 ml of methanol:
water: 7M HCl (70:29:1 v/v/v) was added for extraction (24 h at 4ºC in the dark).
The extract was centrifuged and the supernatant and pellet were considered
the source of SUVAC and WUVAC, respectively (Clarke & Robinson, 2008). In

Table 1. Radiation conditions in the three radiation regimes (P, PA, and PAB) under which the
samples were cultivated. UVBE (biologically effective UV radiation) were calculated on the basis
of the action spectra specified.

P PA PAB

PAR (µmol m–2 s–1) 522 512 543

PAR (W m–2) 97 98 100

UV-A (W m–2) 2.61 32.6 35.2

UV-B (W m–2) 0.006 0.010 1.21

UVBE (W m–2) (Caldwell, 1971) 0.00 0.00 0.36

UVBE (W m–2) (Setlow, 1974) 0.00 0.00 0.34

UVBE (W m–2) (Flint & Caldwell, 2003) 0.01 0.46 0.83
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the supernatant, the bulk level of SUVAC was measured, in arbitrary units, as the
area under the absorbance curve in the interval 280-400 nm (AUC280-400) per unit
of DM. The pellet was hydrolysed with NaOH, acidified with HCl and extracted
three times with ethyl acetate. After evaporation, the material was dissolved in
methanol and the bulk level of WUVAC was spectrophotometrically measured as
previously described for the bulk level of SUVAC.

Individual UVAC were measured in both species by high-performance
liquid chromatography (Agilent HP1100 HPLC system, Agilent Technologies,
Palo Alto, CA, USA), following Arróniz-Crespo et al. (2006). In the soluble
fraction of B. pseudotriquetrum, the flavonols kaempferol-3-O-glucoside and
kaempferol-3,7-O-diglucoside were found and measured. These are two of
the major flavonoids of this species (Webby et al., 1996). Their quantification
was made by calibration curves with the commercial external standard
kaempferol (Sigma-Aldrich, St. Louis, MO, USA). In the insoluble fraction of
F. antipyretica, p-coumaric acid was detected and quantified. The individual
UVAC found in B. pseudotriquetrum were not detected in F. antipyretica, and
viceversa.

Statistical analysis

In each moss species, the effects of the radiation regime and culture
period on the responses of Fv/Fm and UVAC-related variables were tested using
a two-way analysis of variance (ANOVA), with repeated measures for the culture
period, once proved that the data met the assumptions of normality and
homoscedasticity. In the case of significant differences, means were then
compared by Tukey’s test. The effect of the radiation regime on SI and the
amount of thymine dimers of each species at the end of the experiment was tested
using a one-way ANOVA. All the statistical procedures were performed with
SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Representative absorption spectra of the insoluble and soluble fractions
of the extracts of B. pseudotriquetrum and F. antipyretica are shown in Fig. 1.
Insoluble fractions of both species showed several absorption peaks in the
268-316 nm region (mainly in the UV-B band), whereas the soluble fractions
showed well-defined unique peaks in the UV-C band (at 267 nm in
B. pseudotriquetrum and 269 nm in F. antipyretica). In the soluble fraction of
B. pseudotriquetrum, a shoulder around 330 nm could also be noted.

At the beginning of the experiment, the bulk level of WUVAC was
higher than that of SUVAC in both species, in terms of the area under the
absorbance curve in the interval 280-400 nm (AUC280-400) per mg DM: 28.5 ± 2.4
vs. 14.9 ± 0.5 in B. pseudotriquetrum, and 41.1±3.0 vs. 4.5 ± 0.1 in F. antipyretica.
Something similar occurred along the course of the experiment, where the ranges
of the bulk level of WUVAC and SUVAC in B. pseudotriquetrum were,
respectively, 27.5-45.3 and 9.9-19.2, while in F. antipyretica they were 29.3-42.1 and
2.9-5.9 (Figs 2-3).
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All the variables measured several times along the experiment were
significantly affected by the culture period, except the concentration of
p-coumaric acid in F. antipyretica, and most of these variables (except the bulk
level of WUVAC in both species and p-coumaric acid in F. antipyretica) were also
affected by the radiation regime (Table 2).

In B. pseudotriquetrum (Fig. 2), SUVAC increased around 25% in
PAB samples and then maintained relatively stable levels, showing significantly
higher values in PAB than in P samples. Kaempferol-3-O-glucoside slightly
increased in P samples in the first days of the experiment and then progressively
decreased until the final days, whereas in PAB samples it increased in the first
days and then remained stable. Kaempferol-3,7-O-diglucoside progressively
decreased in P samples, whereas in PAB samples it slightly decreased in the first
days and then remained fairly stable. Both flavonols showed significantly higher
values in PAB than in P samples. Fv/Fm increased in all the radiation regimes
in the first days of culture (more steeply in P and PA than in PAB samples),
and then decreased until the end of the experiment (more smoothly in P than
in PAB samples). Fv/Fm values were significantly higher in P than in PAB
samples.

Fig. 1. Representative absorption spectra of the insoluble (a, c) and soluble (b, d) fractions of the
extracts of Bryum pseudotriquetrum (a, b) and Fontinalis antipyretica (c, d).
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In F. antipyretica (Fig. 3), the bulk level of SUVAC showed unclear
temporal trends in the three radiation regimes, but its values were significantly
higher in PA and PAB than in P samples. Temporal trends were also ill-defined
in the bulk level of WUVAC and p-coumaric acid, whose values were not
significantly different between the three radiation regimes. With respect to Fv/Fm,
it remained fairly stable in P and PA samples along the culture period (except for
a final decrease in PA samples), whereas it progressively decreased in PAB
samples. PAB samples showed significantly lower Fv/Fm values than P and PA
samples.

In both species, PA samples frequently showed temporal trends and
values of the variables that were intermediate between P and PAB samples
(Figs 2-3).

Significant interactions between culture time and radiation regime
were found only in a few variables: the bulk level of SUVAC in both species
and the concentration of kaempferol-3,7-O-diglucoside in B. pseudotriquetrum
(Table 2).

At the end of the culture period, SI was affected (P < 0.05) by the
radiation regime in B. pseudotriquetrum (Fig. 4), showing significantly higher
values in P than in PA samples (respectively, 3.44 ± 0.18 and 2.88 ± 0.11 mg cm–2),
while PAB samples showed intermediate values (3.11 ± 0.13 mg cm–2). In
F. antipyretica, SI was not significantly affected by the radiation regime (Fig. 4).
In both species, the amount of thymine dimers at the end of the experiment was
significantly affected by the radiation regime (P < 0.001), showing higher values in
PAB than in P and PA samples (Fig. 4).

Table 2. Overall effects of the culture time and radiation regime on the variables measured in
Bryum pseudotriquetrum and Fontinalis antipyretica along the course of the experiment, tested
by a 2-way ANOVA (with repeated measures for the culture time), and interactions between
both main factors. ***P < 0.001, **P < 0.01, *P < 0.05, NS non-significant. SUVAC and
WUVAC: respectively, soluble and cell wall-bound UV-absorbing compounds.

Culture time Radiation regime Interaction

Bryum pseudotriquetrum

Bulk level of SUVAC *** * **

Bulk level of WUVAC *** NS NS

Kaempferol-3-O-glucoside * ** NS

Kaempferol-3,7-O-diglucoside ** *** *

Fv/Fm * * NS

Fontinalis antipyretica

Bulk level of SUVAC *** *** **

Bulk level of WUVAC *** NS NS

p-Coumaric acid NS NS NS

Fv/Fm ** ** NS
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Fig. 2. Temporal changes, over the culture period, of the following variables of Bryum
pseudotriquetrum: a) the bulk levels of soluble UV-absorbing compounds (SUVAC), as the area
under the absorbance curve in the interval 280-400 nm (AUC280-400) per unit of DM; b) the bulk
levels of cell wall-bound UV-absorbing compounds (WUVAC), in AUC280-400 per unit of DM
(note the different scale); c) the concentration of kaempferol-3-O-glucoside present in the
soluble fraction; d) the concentration of kaempferol-3,7-O-diglucoside present in the soluble
fraction; and e) the maximum quantum yield of PSII (Fv/Fm). Values (mean ± SE) measured in
the different radiation regimes (P, white circles; PA, black triangles; PAB, black circles) are
shown.
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Fig. 3. Temporal changes, over the culture period, of the following variables of Fontinalis
antipyretica: a) the bulk levels of soluble UV-absorbing compounds (SUVAC), as the area under
the absorbance curve in the interval 280-400 nm (AUC280-400) per unit of DM; b) the bulk levels
of cell wall-bound UV-absorbing compounds (WUVAC), in AUC280-400 per unit of DM (note
the different scale); c) the concentration of p-coumaric acid present in the insoluble fraction;
d) the maximum quantum yield of PSII (Fv/Fm). Values (mean ± SE) measured in the different
radiation regimes (P, white circles; PA, black triangles; PAB, black circles) are shown.

Fig. 4. Sclerophylly Index (SI) and number of thymine dimers (means ± SE) in Bryum
pseudotriquetrum (a, c) and Fontinalis antipyretica (b, d) under the three radiation regimes
(P, PA and PAB) at the end of the culture period. For each species and variable, different letters
mean significant differences (at least P<0.05) between the radiation regimes (one-way ANOVA).
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DISCUSSION

On the basis of the known absorption maxima of common types of
phenolic compounds (Waterman & Mole, 1994), the absorption spectra of the
insoluble fraction of B. pseudotriquetrum and F. antipyretica (Fig. 1) might mainly
be due to the presence of hydroxycinnamic acids, one of which has already
been identified in the latter species (p-coumaric acid). In the soluble fraction
of B. pseudotriquetrum, the shoulder around 330 nm suggested the presence
of flavonoids, among which two flavonols (kaempferol-3-O-glucoside and
kaempferol-3,7-O-diglucoside) were identified. The absorbance in the soluble
fraction of F. antipyretica was very low and no compound could be identified.

In the two species studied, the bulk level of SUVAC was comparable to
the values found in these species in a 3-year study under field conditions (8.9-21.1
AUC280-400 mg–1 DM in B. pseudotriquetrum and 2.1-5.7 in F. antipyretica: Núñez-
Olivera et al., 2010). In comparison with other mosses, the bulk level of SUVAC
was relatively high in B. pseudotriquetrum and average in F. antipyretica, but in
both cases lower than that found in most of the liverworts studied (Arróniz-
Crespo et al., 2004; Otero et al., 2008). This suggests that the bulk level of SUVAC
strongly depends on the species and the type of bryophyte considered. In this last
sense, mosses and liverworts seem to show different protection mechanisms
against UV radiation, given that liverworts accumulate a higher amount of
SUVAC than mosses. Comparative data regarding the bulk level of WUVAC (as
AUC280-400 mg–1 DM) in bryophytes are much more scarce, but it is interesting
to note that the liverwort Jungermannia exsertifolia subsp. cordifolia showed
lower values (9-16 AUC280-400 mg–1 DM: Fabón et al., 2010) than the two mosses
studied here (27-45). In addition, the bulk level of WUVAC was 2 to 3-fold higher
than that of SUVAC in B. pseudotriquetrum along the experiment, while in
F. antipyretica it was 6 to 13-fold higher. In Antarctica, the bulk levels of WUVAC
and SUVAC showed rather similar values in B. pseudotriquetrum, whereas in
Ceratodon purpureus and Schistidium antarctici the bulk level of WUVAC was up
to 9-fold higher than that of SUVAC (Clarke & Robinson, 2008). In line with this,
in sub-Arctic Pleurozium schreberi and Polytrichum juniperinum, the bulk level of
WUVAC was 10-12 times higher than that of SUVAC (Lappalainen, 2010). These
findings in mosses contrast with the fact that, in the only liverwort analyzed to
date in this regard (Jungermannia exsertifolia subsp. cordifolia), the bulk level of
SUVAC was about 2.5-fold higher than that of WUVAC (Fabón et al., 2010). This
would support the hypothesis that liverworts and mosses show different variants
of UV protection, with higher bulk SUVAC in liverworts and higher bulk
WUVAC in mosses. Given that WUVAC may provide a more spatially uniform
and effective UV screen than SUVAC (Clarke & Robinson, 2008), it could be
speculated that mosses as a group would be better adapted to colonize UV-rich
sun-exposed environments than liverworts. Further investigation in more species
is needed to confirm these hypotheses and their ecological relevance.

In our study, the response of the bulk level of both SUVAC and
WUVAC to enhanced UV-B was evaluated in mosses for the first time, because
previous studies (1) only took into account the bulk level of SUVAC (Martínez-
Abaigar & Núñez-Olivera, 2011), (2) analyzed the responses to ambient (not
enhanced) UV-B (Clarke & Robinson, 2008), or (3) were dedicated to liverworts
(Fabón et al., 2010).

The bulk level of WUVAC in both species, together with the concentration
of the cell wall-located compound p-coumaric acid in F. antipyretica, showed
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unclear temporal variations and did not respond to enhanced UV-B. This could
be due to the fact that levels of WUVAC were constitutively high in these mosses,
as occurred in three Antarctic mosses including B. pseudotriquetrum (Clarke &
Robinson, 2008). These constitutive levels of WUVAC would already provide a
notably effective protection against UV-B, and there would be no need to
increase them when the mosses were exposed to artificially enhanced (this study)
or naturally increasing (Clarke & Robinson, 2008) UV-B levels. However, in the
liverwort Jungermannia exsertifolia subsp. cordifolia, both the bulk level of
WUVAC and p-coumaric acid from the cell wall were induced by enhanced UV-B
(Fabón et al., 2010). This would additionally support the different behaviour of
mosses and liverworts regarding their protective mechanisms against UV-B.

The bulk level of SUVAC in both species, together with the concentrations
of the two flavonols measured in the soluble fraction of B. pseudotriquetrum, were
higher in PAB than in P samples. Thus, the compounds in the soluble fraction
may be more UV-B-responsive than those in the insoluble one, probably because
the former would be more directly connected with the cell metabolism than the
latter, that would be more or less immobilized in the cell wall. Nevertheless, only
the bulk level of SUVAC and the concentration of kaempferol-3-O-glucoside in
B. pseudotriquetrum increased along the experiment with respect to the initial
values, and thus only these variables seemed to be clearly inducible by enhanced
UV-B. The bulk level of SUVAC had not responded to enhanced UV-B in
previous laboratory studies using both B. pseudotriquetrum (Martínez-Abaigar
et al., 2009) and F. antipyretica (Martínez-Abaigar et al., 2003; Núñez-Olivera
et al., 2004). These negative results could have been caused, at least in
B. pseudotriquetrum, because the samples had been collected near the summer
solstice, when their natural protection against UV-B would be sufficient and
would not have been increased in the laboratory culture. However, in the present
study, the samples were collected in November, a period of the year in which the
natural protection of the samples would be lower and could have been increased
when exposed to the UV-B levels applied in the experiment. The collection date
near the summer solstice could also have been the reason underlying the negative
results obtained in one of the previous laboratory studies with F. antipyretica
(Núñez-Olivera et al., 2004), but not in the other one (Martínez-Abaigar et al.,
2003), in which samples were collected in December. The bulk level of SUVAC
in F. antipyretica did not either respond to naturally fluctuating UV-B under
field conditions (Núñez-Olivera et al., 2010), whereas it responded in
B. pseudotriquetrum (Dunn & Robinson, 2006; Núñez-Olivera et al., 2010),
although not always (Clarke & Robinson, 2008). Thus, the bulk level of SUVAC
is more UV-B responsive in B. pseudotriquetrum than in F. antipyretica, both in
the laboratory and the field. The lack of response reported in some studies using
these species might be due to an inadequate collection date or other unkown
factors whose elucidation needs further investigation. In other mosses tested, the
bulk level of SUVAC was UV-B-responsive in Ceratodon purpureus (Clarke &
Robinson, 2008) but not in Schistidium antarctici, Brachythecium rivulare or
Racomitrium aciculare (Clarke & Robinson, 2008; Martínez-Abaigar et al., 2009),
while the same variable in liverworts responded to UV-B in most cases (Newsham
et al., 2005; Núñez-Olivera et al., 2009; Fabón et al., 2010; Martínez-Abaigar &
Núñez-Olivera, 2011). Therefore, species-specific characteristics and the fact of
being a moss or a liverwort notably influence the responsiveness of the bulk level
of SUVAC to UV-B in bryophytes.

The two flavonols measured in the soluble fraction of B. pseudotriquetrum
decreased in P samples from the beginning to the end of the experiment, whereas
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in PAB samples increased (kaempferol-3-O-glucoside) or remained stable
(kaempferol-3,7-O-diglucoside). The decrease in P samples could be due to the
experimental elimination of any UV radiation incident on those plants, which
resulted in a relaxation of the UV-induced stress they would have been suffering
in the field and a consequent diminution of the concentration of UV-protective
compounds. In contrast, the intensification of UV-stress in PAB samples led to
the maintenance or increase of the levels of those compounds. It should be noted
that kaempferols may act not only as UV absorbers (Dixon & Paiva, 1995), but
also as potent antioxidants (Sroka, 2005).

In both species, Fv/Fm was significantly lower in PAB than in P samples.
In F. antipyretica, this was expected in the light of previous results (Martínez-
Abaigar et al., 2003; Núñez-Olivera et al., 2004). However, in a prior study with
B. pseudotriquetrum, Fv/Fm did not change when the moss was exposed to
enhanced UV-B (Martínez-Abaigar et al., 2009). As discussed above, this could
happen because the samples for this previous study had been collected near the
summer solstice and would be better protected than the samples used in the
present study, that were collected in November. Under a general perspective, it is
not surprising that Fv/Fm decreases under enhanced UV-B, because this decrease
indicates a stress situation and, in particular, the phenomenon of photoinhibition
(Maxwell & Johnson, 2000). Photoinhibition is caused through damage of a well-
known target of UV-B radiation: the protein D1 in photosystem II (Jansen et al.,
1998). In our study, the decrease in Fv/Fm in PAB samples was modest (7% in
B. pseudotriquetrum and 13% in F. antipyretica). This suggests a dynamic and
reversible photoinhibition, and consequently a moderate photosynthetic damage.

DNA damage was much stronger in PAB than in P and PA samples. This
is congruent with previous results obtained after exposing B. pseudotriquetrum
and other mosses and liverworts to enhanced UV-B in both the laboratory (Lud
et al., 2002; Otero et al., 2006; Turnbull et al., 2009; Fabón et al., 2010) and the field
(Lud et al., 2002, 2003). All these results are consistent with the fact that DNA is
a specific target of UV-B (Jansen et al., 1998). However, no DNA damage was
found when B. pseudotriquetrum, F. antipyretica or the liverwort Jungermannia
exsertifolia subsp. cordifolia were exposed to ambient UV-B levels under field
conditions (Núñez-Olivera et al., 2009, 2010). This suggests that efficient DNA
repairing mechanisms occur in nature, and that DNA damage takes place only
when bryophytes are exposed to higher than ambient UV-B. To date, only
Turnbull & Robinson (2009) have demonstrated DNA damage in bryophytes (the
mosses B. pseudotriquetrum, Ceratodon purpureus and Schistidium antarctici)
exposed to naturally increased ambient UV-B levels in the field, but it should be
taken into account that this study was conducted in the Antarctic, where the
extremely harsh environmental conditions might prevent DNA repair.

SI was not affected by enhanced UV-B in any of the species studied.
Given that SI may be considered as an indirect indicator of growth, because newly
grown shoots are softer (less sclerophyllous) than old shoots (Martínez-Abaigar et
al., 2003), no difference in growth between UV-B exposed and non-exposed
samples could be established at the end of the culture period. This contrasts with
the increase in SI found in B. pseudotriquetrum and F. antipyretica exposed to
enhanced UV-B in previous laboratory studies, which would mean a lower growth
in UV-B exposed samples (Martínez-Abaigar et al., 2003, 2009). No convincing
explanation can be offered for this discrepancy, apart from the fact that the
specific samples used in this study were tolerant, in terms of growth, to the
experimental radiation conditions (UV-B dose, proportions of PAR, UV-A and
UV-B, etc.) that were applied.
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UV-A radiation did not show specially defined effects in any of the
species studied, and the values of the variables (and their temporal trends) in PA
samples were frequently intermediate between P and PAB samples (Figs 2-3).
This is in line with the diversity of results previously obtained in bryophytes, since
UV-A radiation may have effects similar to PAR (Niemi et al., 2002; Martínez-
Abaigar et al., 2003) or to UV-B (Fabón et al., 2010). The ill-defined effects of
UV-A in our study may be logical taking into account the relatively moderate
UV-A doses used, in comparison with the annual range measured in the collection
site (Núñez-Olivera et al., 2010). In tracheophytes and algae, UV-A may have
significant effects on the induction of phenolics and photoinhibition (Kotilainen
et al., 2008; Figueroa et al., 2009; Hakala-Yatkin et al., 2010), and it has been
included in the modern action spectra in the context of UV research (Flint &
Caldwell, 2003). In bryophytes, the precise effects of UV-A are still poorly known
and require further study.

In conclusion, the two mosses studied had noticeably higher bulk levels
of WUVAC than SUVAC, which confirms previous results in other mosses
(Clarke & Robinson, 2008; Lappalainen, 2010). In addition, enhanced UV-B
increased the bulk level of SUVAC in the two species and the concentration of
two kaempferols in the soluble fraction of B. pseudotriquetrum, but had no effect
on the bulk level of WUVAC in the two species and the concentration of
p-coumaric acid in the insoluble fraction of F. antipyretica. Thus, the insoluble
fraction would be less UV-B-responsive than the soluble one, probably because
the constitutively high bulk level of WUVAC would already provide a notably
effective protection against UV-B. Also, WUVAC would be less responsive due
to their relative immobilization in the cell wall with respect to SUVAC. Taking
into account that soluble and insoluble fractions may provide different UV
screening mechanisms (Clarke & Robinson, 2008), it is convenient to analyze
separately both the bulk levels and the specific compounds of the two fractions to
better evaluate the protection of bryophytes against UV-B radiation. In summary,
the two mosses studied were constitutively protected against enhanced UV-B by
a high bulk level of WUVAC, and B. pseudotriquetrum was additionally protected
by a UV-B-inducible mechanism, the increase of both the bulk level of SUVAC
and the concentration of soluble kaempferol-3-O-glucoside. Nevertheless, these
protection mechanisms could not totally prevent UV-B damage in the mosses,
that was evident in a modest decrease of Fv/Fm and an increase in the amount of
thymine dimers.

Our data suggest that the protection strategies of mosses and liverworts
may be different, since Fabón et al. (2010) reported that liverworts show a higher
accumulation of SUVAC than WUVAC, and equally UV-B-responsive SUVAC
and WUVAC. It may be speculated that these differerences have ecological,
evolutionary and phylogenetic implications: (1) if WUVAC were more efficient
UV screens than SUVAC (Clarke & Robinson, 2008), mosses as a group would
be more competitive than liverworts in UV-rich environments; (2) these two
different plant evolutionary lineages would have acquired different strategies to
cope with higher UV-B levels since the water-to-land transition; and (3) this
difference could be an additional evidence of the phylogenetic distance between
mosses and liverworts, that nowadays is considered to be deeper than previously
thought (Qiu et al., 2007).
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