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Trematode parasites are integral components of intertidal ecosystems which experience high levels of
ultraviolet radiation. Although these parasites mostly live within hosts, their life cycle involves free-living
larval transmission stages such as cercariae which are directly exposed to ambient conditions. UV has
previously been shown to considerably reduce the survival of cercariae. Here, we investigated potential
mechanisms of protection and damage related to UV in the intertidal trematode Maritrema novaezealand-
ensis. Firstly, the presence of sunscreen compounds (i.e. mycosporine-like amino acids) was quantified in
the parasite tissue producing cercariae within a snail host, as well as in the free-swimming cercariae
themselves. Secondly, levels of oxidative stress in cercariae after exposure to UV were investigated (i.e.
protein carbonyls, catalase and superoxide dismutase). Thirdly, the DNA damage (i.e. cyclobutane-pyrim-
idine dimers) was compared between cercariae exposed and not exposed to UV. Lastly, functional aspects
(survival and infectivity) of cercariae were assessed, comparing cercariae under light conditions versus
dark after exposure to UV. We confirmed the presence of mycosporine-like amino acids in cercariae-pro-
ducing tissue from within snail hosts, but were unable to do so in cercariae directly. Results further sug-
gested that exposure to UV induced high levels of oxidative stress in cercariae which was accompanied by
a reduction in the levels of protective antioxidant enzymes present. We also identified higher levels of
DNA damage in cercariae exposed to UV, compared with those not exposed. Moreover, no clear effect
of light condition was found on survival and infectivity of cercariae after exposure to UV. We concluded
that cercariae are highly susceptible to UV damage and that they have very little scope for protection
against or repair of UV-induced damage.

© 2012 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

tide are similar to atmospheric conditions. Trematode parasites
are an integral component in these ecosystems, being the most

Ultraviolet radiation is an important environmental factor fluc-
tuating at various spatial and temporal scales (e.g. Hansson and
Hylander, 2009). In biological terms, UV (UVB: 280-320, UVA:
320-400 nm) represents the most reactive part of incident solar
radiation and is known to have a broad spectrum of deleterious ge-
netic and cytological effects in aquatic organisms (e.g. Hader et al.,
1998, 2007; Vincent and Neale, 2000; Sinha and Hader, 2002; Dah-
ms and Lee, 2010). Of all aquatic environments, the intertidal zone
is among the most physiologically stressful, with organisms living
exposed to multiple fluctuating stressors including high levels of
UV (e.g. Kramer, 1990; Karentz, 2001; Przeslawski et al., 2005).
In intertidal ecosystems, there is little or no attenuation of UV
through the water column and consequently, conditions at low
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common parasite group (Lauckner, 1984; Mouritsen and Poulin,
2002, 2010). Trematodes have complex life cycles involving several
members of an intertidal community as hosts. Their transmission
from one host to the next relies on free-living larval stages directly
exposed to and influenced by prevailing environmental conditions
(Pietrock and Marcogliese, 2003). Despite the biological and eco-
logical importance of both parasites and UV, little is known about
the damaging effects of UV on parasites, or the latter’s capacity to
protect against, or cope with, UV-induced damage or stress.

The damaging effects of UV occur at the molecular, cellular and
physiological levels. Direct absorption of UV can degrade or trans-
form molecules such as proteins, lipids or nucleic acids, which may
result in the impairment or complete loss of their biological func-
tion (Vincent and Neale, 2000). For example, direct absorption of
UVB by DNA molecules results predominantly in the formation of
cyclobutane-pyrimidine dimers (CPDs) and to a lesser extent in
6-4 photoproducts (e.g. Malloy et al., 1997; Lesser et al., 2003;
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MacFadyen et al., 2004; Lamare et al., 2006). The formation of CPDs
is dose-dependent and varies between taxa (Lamare et al., 2007).
CPD levels resulting from sub-lethal doses of UVB may inhibit nor-
mal development of embryos and larvae, and thus affect their sur-
vival and fitness (Dahms and Lee, 2010). Indirectly, UV can be
absorbed by molecules, leading to an accelerated production of
reactive oxygen species (ROS) (Lesser, 2006). ROS are powerful oxi-
dants, some of which can diffuse through cellular membranes and
react with other components, leading to cytological damage. If the
production of ROS exceeds a certain threshold, oxidation of DNA,
proteins and membrane fatty acids occurs (Lesser, 2006). This
damage is also known as oxidative stress and is considered to be
a highly sensitive biomarker for a range of environmental stressors
including UV (Burritt and MacKenzie, 2003; Lesser, 2006; Burritt,
2008; Lister et al., 2010a). Oxidative stress can further translate
into ecologically relevant effects, including impaired development
and reduced survival of damaged organisms (Lesser, 2006).

Most organisms have evolved a range of mechanisms for pro-
tection against UV, such that the net effect of UV on an organism
is a combination of damage, repair and the energetic costs associ-
ated with the protective strategies (Vincent and Neale, 2000). The
range of strategies to cope with UV and its potentially deleterious
effects include the intracellular accumulation of UV screening
compounds such as mycosporine-like amino acids (MAAs) or other
UV absorbing compounds (e.g. carotenoids) (Roy, 2000; Shick and
Dunlap, 2002; Dahms and Lee, 2010; Rastogi et al., 2010). MAAs
play a dual role, protecting not only against UV, but also against
oxidative damage (Shick and Dunlap, 2002). These compounds
are synthesised by bacteria, fungi and algae and are transferred
trophically to other organisms (Shick and Dunlap, 2002; Rastogi
et al., 2010 and references therein). MAA transfer is also known
to take place via symbiotic associations or through maternal provi-
sion to eggs (e.g. Carroll and Shick, 1996; Adams and Shick, 2001;
Karentz, 2001; Shick and Dunlap, 2002; Rastogi et al., 2010). Other
preventive mechanisms include antioxidants (e.g. the enzymes
catalase and superoxide dismutase), which scavenge ROS and help
reduce oxidative stress, and the capacity to repair UV-induced DNA
damage (e.g. Kim and Sancar, 1993; Malloy et al., 1997; Sinha and
Hader, 2002; Lesser, 2006; Dahms and Lee, 2010). The two primary
repair mechanisms for UV-induced DNA damage are photo-reacti-
vation and the light-independent nucleotide excision repair which
can also take place in the dark (e.g. Sancar, 1994; Sinha and Hdder,
2002; Dahms and Lee, 2010). Photo-reactivation is likely the sim-
plest and oldest form of DNA repair, and is widespread in aquatic
organisms (Hader and Sinha, 2005; Weber, 2005). Photo-reactiva-
tion repairs primarily CPDs via the enzyme photolyase which de-
pends on light as its source of energy.

Most studies combining the effects of UV and parasites or
pathogens are studies of induced immune reactions, vaccine devel-
opment or sterilisation of drinking water or food, which are typi-
cally done in vitro using unrealistic levels of UV (e.g. Bintsis
et al., 2000; Lagapa et al.,, 2001; Rochelle et al., 2004; Hijnen
et al., 2006; Allam and Hadid, 2009). The role of UV as an ecological
factor has only rarely been investigated in host-parasite interac-
tions (but see recent studies by Perrot-Minnot et al., 2011; Over-
holt et al,, 2011; Studer et al., 2012). The study by Overholt et al.
(2011) combined laboratory and field experiments, indicating that
UV may reduce levels of parasitism in Daphnia dentifera by reduc-
ing the infectivity of the fungal parasite, Metschnikowia bicuspidata.
Studies by Ruelas et al. (2006, 2007, 2009) on effects of UVB irradi-
ation on an important human parasite, the trematode Schistosoma
mansoni and its snail host (Biomphalaria glabrata), have shown neg-
ative effects of UV for both the parasite and the snail. This included
reduced survival of snails as well as abnormal and reduced devel-
opment of parasites after penetration of the snail host following
irradiation. Moreover, these authors provided evidence that not

only was the snail able to repair DNA damage by photo-reactiva-
tion (Ruelas et al., 2006), but that the parasite was also able to
do so (Ruelas et al., 2007). Their results indicated that photo-reac-
tivation, rather than nucleotide excision repair, was the primary
repair mechanism of UVB-induced DNA damage.

Here, we used the intertidal microphallid trematode parasite,
Maritrema novaezealandensis, as a model system. The complex life
cycle of this parasite includes the first intermediate snail host,
Zeacumantus subcarinatus, second intermediate crustacean hosts
such as the amphipod Paracalliope novizealandiae and definitive
bird hosts (Martorelli et al., 2004). The transmission process from
the first to the second intermediate host is via translucent, free-liv-
ing, non-feeding, short-lived (<24 h) larval transmission stages
called cercariae (approximately 100 pm body length, 100 pm tail
length, 20 pm body depth and 10 pm tail depth, Koehler et al.,
2011). These cercariae are produced asexually in the parasite’s spo-
rocysts within infected snails and emerge into the environment to
infect second intermediate hosts. It is thought that the optimal
conditions for transmission of this parasite occur on warm days
during low tides when shallow soft-sediment tide pools warm up
(e.g. Fredensborg et al., 2004; Bates et al., 2010); conditions typi-
cally coinciding with maximal levels of UV (i.e. spring to late sum-
mer). A previous study investigating M. novaezealandensis showed
that the survival of cercariae was strongly reduced by UV in a dose-
dependent manner (Studer et al., 2012).

Because the survival of cercariae is a key step in the life cycle of
this parasite, the aims of this study were to investigate routes of
damage, as well as potential protective mechanisms available to
cercariae during the free-living phase when they are exposed to
UV. Firstly, we searched for protective UV absorbing compounds
(especially MAAs) in sporocyst tissue within snail hosts as well
as in cercariae directly. Secondly, we investigated oxidative dam-
age to proteins in cercariae after exposure to UV as a biomarker
of UV-induced oxidative stress, as well as activity of protective
antioxidant enzymes. Thirdly, we assessed differences in the rela-
tive concentrations of CPDs in cercariae exposed or not exposed
to UV. Lastly, we evaluated differences in survival and infectivity
of cercariae when kept under light or dark conditions after expo-
sure to UV. The data provided here substantially increase our
mechanistic understanding of the direct effects of UV on trema-
todes, in particular their free-living cercarial transmission stage,
in an ecologically relevant context.

2. Materials and methods

The UV treatments in all experiments described in detail below
were achieved by covering experimental units with Plexiglas filters
either blocking UV (i.e. photosynthetically active radiation (PAR;
400-700 nm) only, the no UV treatment), transparent to PAR and
some UVA (UVA treatment), or transparent to PAR, UVA and UVB
(UVA + B treatment). The filters used had the following transmis-
sion characteristics. No UV treatment: 81% PAR, 5.2% UVA, 0.0%
UVB; UVA treatment: 77.9% PAR, 46.5% UVA, 0.1% UVB; UVA +B
treatment: 84.5% PAR, 84.6% UVA, 80.6% UVB (see Lister et al.,
2010Db for the transmission profiles of the filters).

2.1. UV absorbing compounds

In a preliminary HPLC-mass spectrophotometry analysis, the
presence of UV absorbing compounds, and MAAs in particular,
was detected in a small number of samples of cercariae-producing
tissue from within snail hosts (sporocysts). Therefore, an outdoor
experiment was conducted to assess temporal changes in the con-
centrations of UV absorbing compounds in sporocysts of infected
snails over a 6 month period. For this, white rectangular 1 L plastic
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containers were placed outdoors at the end of austral winter (July
2009). Containers (three replicate containers per treatment) were
filled with a thin layer of sediment and 30 snails infected with
M. novaezealandensis were added to each container. Snails had a
constant supply of sea lettuce, Ulva sp., a species of algae not con-
taining MAAs (Carefoot et al., 2000; Lamare et al., 2004). Contain-
ers were covered with the filters and randomly distributed (and
occasionally rotated) on an outdoor shelf receiving flow-through
filtered seawater. After 3 (October 2009) and 6 months (January
2010), snails were randomly sub-sampled, dissected and the para-
site tissue from within the snails frozen at —80 °C. Additionally and
because experimental snails did not shed enough cercariae,
samples of cercariae were obtained by incubating snails collected
from the field in January 2010 (i.e. austral summer) at 25 °C under
constant illumination. Seawater containing emerged cercariae was
transferred into Eppendorf tubes and centrifuged in order to
remove excess seawater, then also frozen at —80°C until
processing.

For the extraction and analysis of UV absorbing compounds,
samples (five replicate tissue samples per container and five sam-
ples containing cercariae) were dried using a SpeedVac (Savant
Thermo Electon Corporation, USA) (45 °C for 24 h), then ground
and weighed. Samples were frozen at —80 °C until extraction of
MAA was carried out by adding 1 ml of 100% HPLC grade methanol
(MeOH) per 10 mg of sample. Due to varying amounts of dry mate-
rial per sample, the volume of MeOH added was adjusted accord-
ing to each sample weight. Samples were then sonicated in an
ultrasonic bath for 8 min and stored at 4 °C wrapped in aluminium
foil for approximately 24 h. This was followed by filtering of sam-
ples using nylon syringe filters (0.22 pm). An aliquot of 20 pul of the
methanolic extraction from each sample was injected into an HPLC
(Dionex Ultimate 3000, Thermo Scientific, USA) using a C8 Pheno-
sphere analytical column (Phenomnenx, USA; 250 x 4.6 mm; pore
size 5 um) and eluted in a mobile phase composed of 89.9% MilliQ
water + 10% MeOH + 0.1 formic acid at a flow rate of 1 ml min~".
All samples injected into the HPLC were analysed at 310 and
334 nm using a UV/visible light detector. Peaks identified in the
chromatograms were corroborated by mass spectrometry (Bruker
Daltonics TOF, USA).

HPLC revealed a mixture of two to three compounds making up
the main peak at 310 nm (Fig. 1). One compound was identified as
mycosporine-glycine (Amax =310; molecular weight =245 Da, &

80 Mycosporine-Glycine

Intensity (mAU)

0 1 2 3 4 5 6 7 8 9
Retention time (min)

Fig. 1. HPLC chromatogram of a methanol extract of Maritema novaezealandensis
tissue (sporocysts) from within an infected Zeacumantus subcarinatus snail host.
Four absorbance peaks with different retention times (min) are present: at 310 nm
(solid line), the main peak was mainly composed of an unidentified UV absorbing
compound (UC-261) and mycosporine-glycine, whereas at 334 nm, the main peak
was porphyra-334. Another small peak () was apparent with a higher absorbance
at 310 nm.

(molar extinction coefficient)=28,100M~!cm™!), whereas an-
other main compound had a molecular weight of 261 Da (hereafter
referred to as unknown UV-absorbing compound UC-261). To esti-
mate the concentration of these compounds, the entire peak area
was used, thus combining all compounds making up the main
peak. At 334 nm, the main compound identified was the MAA por-
phyra-334 (hereafter referred to as P-334; Anax = 334; molecular
weight 346 DA; £=42,300 M~! cm™!). Concentrations were esti-
mated using calibration curves which were generated from iso-
lated standards obtained through semi-preparative HPLC (C18
column, Phenomenex - Luna 250 x 10 mm; pore size 5 pum). For
this, UC-261 was extracted from the parasite tissue of infected Z.
subcarinatus snails and P-334 was isolated from Nyctiphanes aus-
tralis (krill). The concentration of each isolated standard was then
estimated using the respective molar extinction coefficient (&)
and the corresponding absorbance at their maximum wavelength.

For the statistical analysis, the concentrations of the compounds
in sporocyst tissue obtained from infected snails were square root
transformed in order to meet the assumption of normality and
homogeneity of variances. A repeated measures ANOVA was then
used to assess the effect of the UV treatment on the concentration
of the compounds absorbing at 310 nm and at 334 nm after 3 and
6 months, followed by Tukey’s post hoc tests (significance level
P <0.05 as in all following analyses). Container was initially in-
cluded as a factor but had no significant effect and thus was omit-
ted from the analysis and the results presented.

2.2. Oxidative stress and antioxidant enzymes

The extent of oxidative stress in cercariae experiencing different
regimes of UV was assessed in an experiment conducted under
ambient conditions. To achieve the UV treatments, the three types
of Plexiglas filters were used as described earlier. To obtain free-
living cercariae, 40 snails infected with M. novaezealandensis were
put into 50 ml UV opaque plastic jars filled with seawater (four
replicate samples per treatment). Snails were then incubated for
1 h at 25 °C under constant illumination (using cold light). After
incubation, the seawater containing the emerged cercariae was
transferred into new 50 ml plastic jars. Four replicate baseline
samples were processed immediately (see below). The remaining
samples were exposed outdoors on a cloudless summer day under
one of the three types of filters (no UV, UVA, or UVA +B) for 2 h
(UVB dose: 16.1 k] m~2; not considering the reductions by the
filters).

Samples were processed by centrifuging the seawater contain-
ing cercariae in 50 ml tubes (Nalgene Centrifuge Ware, USA) for
30 min at 38,724g (4 °C). Seawater was removed and cercariae
re-suspended in 5 ml of 50 mM potassium phosphate buffer (pH
7.4). Samples were subsequently analysed for total protein content,
protein oxidation (i.e. protein carbonyls) and the levels of activity
of antioxidant enzymes (i.e. catalase (CAT) and superoxide dismu-
tase (SOD)). For this, cercariae were centrifuged as above and re-
suspended in 0.5 ml of 100 mM potassium phosphate buffer (pH
7.4) containing 1.5% NaCl and 1 mM phenylmethylsulphonyl,
transferred into 1.5 ml Eppendorf tubes and then lysed by sonica-
tion at 4 °C. The protein extracts were again centrifuged for 30 min
at 21,000g in a microfuge and the supernatants were frozen at
—80 °C prior to analysis. The protein content of the extracts was
determined using a Lowry protein assay (Fryer et al., 1986). Protein
carbonyl levels in the protein extracts were analysed via reaction
with 2,4-dinitrophenylhydrazine (Reznick and Packer, 1994) with
minor adaptations (Burritt, 2008). CAT (EC 1.11.1.6) was assayed
using the chemiluminescent method of Maral et al. (1977), as
adapted by Janssens et al. (2000). SOD (EC 1.15.1.1) was analysed
using the microplate assay described by Banowetz et al. (2004)
with minor modifications. All assays were carried out with a
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PerkinElmer (Wallac) 1420 multilabel counter (Perkin Elmer, USA),
controlled by a computer and fitted with a temperature control cell
(set to 25°C) and an auto-dispenser. Data were acquired and
processed using the WorkOut 2.0 software package (Perkin Elmer).

Differences in concentrations of protein carbonyls, CAT and SOD
between the different UV treatments were analysed using ANOVAs
followed by Tukey post hoc tests. Data were transformed where
necessary (log transformation of protein carbonyl concentrations)
to meet the assumptions of the parametric test.

2.3. DNA damage in cercariae

In this outdoor experiment, the amount of DNA damage in
terms of the relative concentration of CPDs per megabase of DNA
was measured after exposing cercariae to ambient conditions.
The concentration of CPDs formed was compared between cerca-
riae exposed or not exposed to UV. In order to obtain the cercariae,
35 infected snails were placed in individual 50 ml UV opaque plas-
tic jars filled with seawater and then incubated at 25 °C under con-
stant illumination (cold light) for 1h. After incubation, the
seawater containing the cercariae was transferred to new 50 ml
plastic jars. Two samples were used as a baseline and processed
immediately (see below). The remaining samples were either ex-
posed to ambient conditions under a UV-blocking filter (no UV),
or UV transparent filters (UVA + B; four samples per treatment).
After 1 h of exposure (corresponding to a UVB dose of 12.0 k] m~2),
samples were processed by centrifuging the seawater containing
cercariae twice in sequence; first in 50 ml Nalgene tubes for
25 min at 38,724g (4 °C) and then for 10 min in 1.5 ml Eppendorf
tubes at 20,817g (4 °C). After removal of seawater and addition of
1 ml of salt-saturated DMSO buffer to each tube, samples were
stored at —80 °C until further analysis.

DNA damage in terms of CPDs was quantified in an ELISA. For
this, DNA was isolated from the cercariae using a commercially
available extraction kit and protocol (Bioline, UK). The ELISA was
carried out following Mori et al. (1991), as modified by Schmitz-
Hoerner and Weissenbdck (2003). Briefly, 10 ng of DNA from each
sample was used per well in protamine sulphate (0.003%)-coated
96-well polyvinyl chloride microtiter plates, with three replicate
wells assayed per sample. In each well, DNA was added to PBS
denatured by boiling at 100 °C for 10 min followed by 10 min on
ice and incubation overnight. Plates were washed five times before
150 ul of 2% FBS in PBS-Tween (PBS-T) was added followed by
1.5 h of incubation and rinsing. To each well, 100 pl of 0.001%
TDM-2 primary monoclonal antibody was added and incubated
for 30 min, after which wells were rinsed. Rabbit anti-mouse IgG
secondary antibody (100 pl) was added to each well and incubated
for 30 min followed by rinsing. Then, 100 pl of 0.0001% streptavi-
din horseradish peroxidase conjugate was added to each well
and incubated for 30 min followed by rinsing. All rinsing steps
were done five times using 0.05% Tween-20 in PBS and all incuba-
tions were at 38 °C. Colour development was achieved by addition
of Sigma Fast reagents (Sigma) and colour was read (at 405 nm)
after 5 min using a plate reader. Absorption readings were adjusted
for background absorption levels. The CPD concentrations from the
DNA of cercariae exposed (UVA + B) and not exposed (no UV) were
compared with a t-test.

2.4. Effect of light condition on survival and infectivity of cercariae

When free-living cercariae are exposed to environmental condi-
tions, light-dependent repair mechanisms were hypothesised to
potentially ameliorate the damage caused by UV. Two separate
laboratory experiments were thus conducted to assess differences
in survival and infectivity of cercariae of M. novaezealandensis after
exposure to UV. After UV treatment of cercariae (dose adminis-

tered during a 1 h exposure, not considering reductions by filters:
UVB: 5.84, UVA: 63.27, PAR: 185.09 k] m~2), cercariae were either
incubated under white fluorescent light (Phillips 40 W) (using a
transparent plastic bag) or kept in the dark (using a black, non-
transparent plastic bag). The same laboratory set-up as described
in Studer et al. (2012) and the same filters (UVA + B treatment)
were used as described above.

2.4.1. Survival experiment

A cercarial mixture (60 pl; prepared using 40 snails; for details
on preparation see Studer et al., 2010) was added to 12 replicate
wells on two replicate 96-well plates per treatment (corresponding
to an addition of approximately 35 cercariae per well). Cercariae
were then exposed for 1 h to UVA + B and subsequently placed in
either a transparent (light treatment) or a black plastic bag (dark
treatment) under white fluorescent light. Functional activity of
the cercariae was monitored at an average cercarial age of 2, 4, 6,
10 and 12 h. Functional activity categories distinguished were fully
active, sluggishly motile and immotile/dead. The effect of the light/
dark treatment on the proportion of fully active cercariae (arcsine-
square root transformed) at an average age of 2, 4, 6 and 10 h was
statistically analysed with a repeated measures ANOVA.

2.4.2. Infectivity experiment

Uninfected P. novizealandiae amphipods were placed individu-
ally into wells of 96-well plates (48 amphipods on two replicate
well plates per treatment). A cercarial mixture prepared from 40
snails was distributed into four small Petri dishes (7 ml per dish)
and exposed to UVA + B for 1 h. After exposure, the mixture was
combined again and 50 pl was added to each amphipod (corre-
sponding to an addition of approximately 20 cercariae per amphi-
pod). Amphipods and cercariae were then incubated for 3 h under
light or dark conditions (temperature in both plastic bags was
approximately 21-22 °C). After incubation, amphipods were trans-
ferred into plastic containers (300 ml) filled with seawater (aer-
ated) and provided with sea lettuce, Ulva sp. After 8 days,
surviving amphipods were measured, sexed and dissected under
a dissecting microscope. The number of parasites per amphipod
was counted. The effect of the light/dark treatment, as well as
sex and size of amphipods, on the proportion of cercariae success-
fully infecting amphipods (arcsine-square root transformed) was
statistically analysed with a General Linear Model (GLM).

3. Results
3.1. UV absorbing compounds

In the vast majority of samples, four peaks were identified by
HPLC (see Fig. 1 for retention times). Two of those were MAA:s,
namely mycosporine-glycine and porphyra-334 (P-334). Two
peaks were not identified (including UC-261). For the main com-
pounds with a maximum absorbance at 310 nm, no differences
in the concentrations were found after 3 months of exposure be-
tween treatments (Fig. 2). After 6 months, concentrations were sig-
nificantly lower in the no UV and UVA treatments, but not in
parasite tissue from snails exposed to UVA + B, in which concentra-
tions remained highest and were not significantly different from
the concentration after 3 months (Tukey’s post hoc, P=0.932)
(see also Table 1). Compared with the mean concentrations of
these compounds in the parasite tissue of UV unexposed snails
after 3 months, mean concentrations after 6 months had decreased
to 44.7% (no UV), 49.7% (UVA) and 82.0% (UVA + B).

For P-334, UV treatment and time both had a significant effect
on concentrations (Table 1). However, the only significant differ-
ence was between the concentrations in parasite tissue from snails
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Fig. 2. Concentrations (mean * S.E.) of the compounds with a maximum absorbance at 310 nm (mycosporine-glycine, UC-261 and in few samples another unidentified
compound; nmol mg~! dry weight) in Maritrema novaezealandensis tissue in Zeacumantus subcarinatus snail hosts after 3 and 6 months exposure to UV treatments (no UV,
UVA, UVA + B; n =15 per treatment) under ambient conditions. The data were analysed with a repeated measures ANOVA followed by a Tukey’s post hoc test: the letters
denote significant differences between treatments if not equal (significance level P < 0.05).

Table 1

Results of the repeated measures ANOVA testing the effect of the UV treatment (no
UV, UVA or UVA + B) on the concentration of compounds absorbing at 310 nm and
334 nm, respectively, in Maritrema novaezealandensis tissue (sporocysts) in infected
Zeacumantus subcarinatus snail hosts after 3 and 6 months of exposure (n=15 per
treatment).

Factor df MS F p

310 nm Between subjects
uv 2 27.58 3.24 0.050
Error 40 8.51
Within subjects
Time 1 329.05 25.31 <0.001
Time x UV 2 42.76 3.29 0.048
Error 40 13.00

334 nm Between subjects
uv 2 1.17 3.89 0.029
Error 40 0.30
Within subjects
Time 1 3.09 10.40 <0.001
Time x UV 2 0.38 1.28 0.288
Error 40 0.30

not exposed to UV after 3 months and those exposed to UVA +B
after 6 months (Tukey’s post hoc, P=0.001). Mean concentrations
of P-334 compared with the mean concentration in parasite tissue
from snails not exposed to UV after 3 months increased to 126.6%
(no UV), 142.5% (UVA) and 178.1% (UVA + B) (Fig. 3). Concentra-
tions of P-334 were, however, much lower than concentrations of
compounds absorbed at 310 nm.

In contrast to the presence of MAAs in sporocysts, these com-
pounds could not be detected in cercariae directly. While HPLC re-
vealed the presence of unidentified UV absorbing compounds in
three out of five samples, no MAAs were identified by mass
spectrometry.

3.2. Oxidative stress

Exposure of cercariae to the UV treatments resulted in signifi-
cantly different concentrations of protein carbonyls, as well as
activity levels of CAT and SOD enzymes (ANOVA; log transformed,

protein carbonyls: F;7,=100.42; CAT: Fs1,=14.01; SOD:
F312=63.65; all P<0.001). Levels of protein carbonyls increased
by more than fivefold in cercariae exposed to UV compared with
baseline levels, and both UVA and UVB radiation induced protein
oxidation in these organisms (Fig. 4). However, in the no UV (i.e.
PAR only) treatment there was already a considerable increase in
protein carbonyl levels compared with baseline levels. A similar
pattern emerged for the activity levels of antioxidant enzymes
(i.e. CAT and SOD). When comparing the UVA + B treatment to
the baseline, enzyme activity was reduced by almost fourfold
(CAT) and by more than sixfold (SOD). Again, both UVA and UVB
negatively affected these enzymes, but the no UV (PAR only) treat-
ment also caused a substantial decrease in activity levels of these
enzymes (Fig. 4).

3.3. DNA damage in cercariae

There was a significant increase in the concentration of CPDs
per megabase of DNA for cercariae exposed to UVA + B compared
with cercariae not exposed to UV (Fig. 5) (t-test; t=-17.71,
df =6, P<0.001), with the average concentration of the two base-
line samples (0.19) being similar to the concentration in cercariae
not exposed to UV.

3.4. Effect of light condition on survival and infectivity of cercariae

There was no significant difference in the survival of cercariae
kept under light versus dark after exposure to UV (repeated mea-
sures ANOVA; arcsine-square root transformed proportion of fully
active cercariae; between subjects, effect of light/dark: F; 46 = 0.85,
P=0.362; within subjects, time: F;133=2471.33, P<0.001,
time x light/dark: F3 135 = 0.64, P=0.591). Full activity of cercariae
ceased within 10 h regardless of treatment. There was a slight
trend in terms of infectivity, i.e. a higher proportion of cercariae
successfully infecting amphipods, for infections taking place under
light (21.9% successful in the light treatment versus 17.5% in the
dark), which was however also not significant (GLM, arcsine-
square root transformed proportion of successful parasites;
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Concentration of porphyra-334
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no UV UVA UVA+B
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Fig. 3. Concentrations (mean + S.E.) of porphyra-334 (nmol mg ' dry weight) in Maritrema novaezealandensis tissue in Zeacumantus subcarinatus snail hosts after 3 and
6 months exposure to ambient conditions in the UV treatments (no UV, UVA, UVA + B; n =15 per treatment). The data were analysed with a repeated measures ANOVA
followed by a Tukey’s post hoc test: the letters denote significant differences between treatments (significance level P < 0.05).

Fy44=1.55, P=0.220). Amphipod sex significantly influenced the
proportion of successful cercariae, with males being more heavily
infected than females (F; 44 = 4.62, P = 0.037), while size of amphi-
pods did not (F3 44 =0.31, P=0.815).

4. Discussion

Larval stages and planktonic eggs of aquatic organisms are eco-
logically very important but are also particularly at risk of UV-in-
duced damage (Adams and Shick, 1996, 2001; Lister et al.,
2010b). However, organisms have a range of mechanisms and
strategies to counteract the potentially detrimental effects of UV
(e.g. Roy, 2000; Shick and Dunlap, 2002; Dahms and Lee, 2010).
In this study, the larval cercarial transmission stage of the inter-
tidal trematode parasite, M. novaezealandensis, was investigated
in terms of UV related mechanisms of protection, damage and re-
pair. In contrast to larval stages of marine organisms, cercariae
were shown to have only limited capacity to prevent UV-induced
damage through the provision of MAAs and to cope with oxidative
stress. In addition, DNA damage was increased in cercariae ex-
posed to UV and no difference was found in the functional aspects
of survival and infectivity of cercariae if, after exposure to UV, they
were kept under light or dark conditions.

Significant differences in the concentrations of UV absorbing
compounds in sporocyst tissue in snail hosts emerged only after
6 months of exposure to ambient conditions. After this period, con-
centrations of the compounds with a maximum absorbance at
310 nm remained high, and concentrations of P-334 were slightly
increased only in parasite tissue from snails exposed to UVA + B.
Increases in MAA content in response to ambient UV (and temper-
ature in some cases) has been shown in a number of organisms
(e.g. algae, sponges, corals, see reviews by Shick and Dunlap
(2002) and Sinha et al. (1998)), but it has also been shown that this
may not be a universal pattern in marine organisms (e.g. Adams
and Shick, 1996; Hoyer et al., 2001; Shick and Dunlap, 2002; Shick
et al., 2002). During the experiment, snails had to acquire MAAs
through their algal diet and parasites through uptake from the
snail host. In an infected snail host, the sporocysts replace the go-

nads and may divert any resources that the snail would allocate to
this organ. Both loss and accumulation of MAAs in the parasite tis-
sue is thus likely to reflect the respective concentrations in the
snail itself and hence the concentrations in periphyton growing
in the containers under the different light conditions over the en-
tire period of the experiment (see Whitehead et al., 2001). Alterna-
tively, due to changing conditions (in particular temperature) over
the 6 month period, it is possible that snails were selectively met-
abolising certain compounds, thus accounting for some of the ob-
served patterns. It is also possible that changes in sporocyst
metabolism over time may cause differential uptake of MAAs inde-
pendent of concentrations in the snail. Unfortunately, snail tissue
was not assessed in this study and neither was the dietary content
within the experimental units (e.g. microalgae growing in the con-
tainers). The lack of this data clearly limits our understanding of
the potential pathways and mechanisms behind the observed pat-
terns in the parasite tissue within the snails.

Importantly, despite the presence of these MAAs in sporocysts,
we could not find any evidence that these may be transferred to
cercariae for protection against UV during their free-living trans-
mission phase. The dual protection these compounds provide
(absorption of UV as well as antioxidant activity) (Dunlap and
Yamamoto, 1995; Shick and Dunlap, 2002), hence does not seem
to be available to cercariae, at least not in concentrations high en-
ough to be detectable by the methods used. The small size of the M.
novaezealandensis cercariae and consequently the small amount of
tissue we were working with may be responsible for our limited
ability to detect the low concentrations in which these compounds
may be present. In any case, the small size of cercariae appears to
limit the beneficial use of sunscreen compounds: the model of Gar-
cia-Pichel (1994) describes the degree to which organisms can self-
shade based on their size and the concentration of sunscreen com-
pounds. Using this model under the assumption that it is also
applicable to organisms such as parasitic transmission stages, we
estimated (assuming a body radius of 10 um, a tail radius of
4.7 pm and a water content of cercariae of 70%), that even if cerca-
riae contained the same amount of MAAs as present in the sporo-
cyst tissue (mycosporine-glycine (245Da) and porphyra-334
(346 Da)), this would only protect them against <6% of the incom-
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Fig. 4. Concentrations (mean # S.E.) of protein carbonyls (nmol mg~"' of protein) (A)
and antioxidant enzyme activity of (B) catalase (umol H,0, mg~! protein min~1)
and (C) superoxide dismutase (Umg~! protein min~') in cercariae of Maritrema
novaezealandensis in baseline samples and after exposure to the different UV
treatments (no UV, UVA or UVA + B radiation; n=4 per treatment). The letters
denote significant differences between treatments if not equal, according to Tukey’s
post hoc tests (significance level P < 0.05).

ing radiation. Hence for the cercariae studied here, their small size
may mean that MAAs would be ineffective self-shading sunscreen
compounds unless they were present in unrealistically high
concentrations.

As indicated by the increasing levels of protein oxidation,
exposure to UV induced oxidative stress in cercariae. Compared
with the baseline samples, even exposure to no UV (i.e. only
PAR) increased levels of protein carbonyls and this was further
exacerbated under exposure to UVA and UVA + B. This increase
in oxidative damage of proteins was, however, not accompanied
by an increase in the activity of antioxidant enzymes. While
CAT and SOD activity levels in baseline samples were still mostly
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Fig. 5. Concentrations (mean  S.E.) of cyclobutane pyrimidine dimers per meg-
abase of DNA in samples containing cercariae of Maritrema novaezealandensis
pooled from several Zeacumantus subcarinatus snail hosts, exposed (i.e. filter used
transparent to UVA + B; UVT) and not exposed to UV (no UV) (n =4).

comparable with those found in other marine organisms (e.g.
Buchner et al., 1996; Korkina et al., 2000; Lister et al., 2010b),
no increase could be detected in the cercariae of M. novaezealand-
ensis, despite the fact that activity levels of antioxidant enzymes
are usually increased in response to oxidative stress (Dykens
and Shick, 1982; Shick et al., 1995). Rather than an increase in
activity, activities of both CAT and SOD declined in response to
UV, indicating that enzymes lost their functionality during expo-
sure and that they could no longer be produced or regenerated to
required levels. These results from an outdoor experiment were
repeated in a laboratory experiment, confirming the observed
patterns (A. Studer and D.J. Burritt, unpublished data). Therefore,
UV-induced damage to cercariae after reaching a certain thresh-
old is bound to be substantial and is highly likely to contribute
to the high mortality of cercariae after exposure to UV (Studer
et al.,, 2012).

It has been observed in a behavioural study, that cercariae of M.
novaezealandensis during their first hour after emergence from
snail hosts prefer “light” microhabitats, whereas afterwards they
prefer “dark” ones (Koehler et al., 2012). Thus, it is possible that
oxidative stress accumulating during this first hour of exposure
to ambient conditions is perceived by the parasite and serves as
a signal to induce avoidance of light, i.e. to move into the dark. Ulti-
mately, this is what the parasite needs to do in order to locate crus-
tacean hosts such as crabs, inside which it would thereafter live in
a more or less opaque internal environment. If this transition does
not take place, then the negative effects of UV-induced damage
may exceed a threshold with direct consequences for the survival
of cercariae.

In addition to the oxidative stress parameters, deleterious effects
may also include damage to DNA, as observed in the increased con-
centrations of CPDs in cercariae exposed compared with those not
exposed to UV. This increase in CPDs in response to UV is consistent
with other studies on a range of marine organisms (e.g. Malloy et al.,
1997; Karentz et al., 2004; Lamare et al., 2007). Cercariae were ex-
posed to natural sunlight for only 2 h, hence the low concentrations
of CPDs. However, concentrations (i.e. <0.5 CPD Mb~! DNA) are rel-
atively comparable if values from other organisms exposed for sev-
eral days are converted to an hourly accumulation concentration
(e.g. 16 CPDs Mb~! DNA in Evechinus chloroticus sea urchin embryos
exposed in Otago harbour, New Zealand and at the surface over
4 days in Lamare et al., 2007).
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No evidence for an effective or efficient photo-dependent mech-
anism could be detected in cercariae after exposure to UV to pro-
long the survival and hence the chance of successful
transmission. Both survival and infectivity of cercariae in our
experiments did not differ significantly between cercariae kept un-
der light and those kept under dark conditions after exposure to
UV. Based on the observations described above, this is not unex-
pected. Nonetheless, experiments were conducted using light from
a 40 W light bulb and the quality of this light may not have been
optimal; exposing cercariae to natural light might be a better ap-
proach. Moreover, other experimental designs (e.g. allowing time
for a potential recovery or assessing DNA repair rates) may be re-
quired to yield further information on these functional aspects.
These methodological approaches are, however, beyond the scope
of the present study. Nonetheless, it is possible that light-indepen-
dent repair mechanisms were responsible for the non-significant
differences observed. In particular the dark excision of DNA dam-
age clearly warrants further research as it should be the preferred
mechanism for a parasitic organism living in an opaque environ-
ment after successful penetration of a host.

The results presented here indicate that negative effects of UV
on these free-living parasitic larvae may be even more pronounced
than effects on non-parasitic marine larvae or eggs. Cercariae are
small, equipped with only limited energy reserves (e.g. Johnson
et al,, 2010) and their survival is usually less than 24 h (depending
on environmental conditions). Due to these limited resources and
the high energetic costs of some of the protective and repair mech-
anisms, no costly investments may be made in this relatively
short-lived cercarial transmission stage. Our observations may
thus be more consistent with what has been described for sperm
of marine free spawners, which is more susceptible to damage
caused by UV than eggs, embryos or larvae (Lu and Wu, 2005; Dah-
ms and Lee, 2010). Sperm lack UV-absorbing compounds such as
MAAs, possess limited antioxidant potential and have a compara-
tively low DNA repair capacity (e.g. Aitken et al., 1998; Adams
et al.,, 2001), and a decline in motility after exposure to UV can con-
tribute to reduced fertility (Dahms and Lee, 2010). In the case of
cercariae, their reduced survival and activity when exposed to
UV may limit their chance of successful transmission and therefore
the continuation of their life cycle.

The high vulnerability of the small and translucent M. novaezea-
landensis cercariae may be offset by the parasite producing them in
large numbers. This strategy is common in nature, especially for
parasites. Moreover, for the transmission process taking place in
nature, certain environmental characteristics may further increase
the number of successful transmission events. For example, vege-
tation in tide pools where snail and crustacean hosts are aggre-
gated provides some shelter from direct insolation. On the other
hand, temperature in particular is bound to play an important role,
affecting the transmission process on many levels (Studer et al.,
2010), and conditions of increased temperature are highly likely
to further increase the negative effect of UV on cercariae (Studer
et al, 2012). Interestingly, other intertidal trematode cercariae
are not produced in similarly large numbers as M. novaezealanden-
sis and cercariae of some species are pigmented (e.g. other trema-
tode species infecting Z. subcarinatus such as Acanthoparyphium
sp.; Martorelli et al., 2008; A. Studer, personal observation). More-
over, one of the trematode species infecting Z. subcarinatus snails,
Philophthalmus sp., does not seek a second intermediate host but
encysts on hard substrates (Lei and Poulin, 2011), therefore
remaining exposed to ambient conditions once emerged from a
snail host awaiting ingestion by the next host.

It is concluded that the free-living transmission stage of the
intertidal trematode M. novaezealandensis is clearly at the mercy
of environmental conditions, including the strong effects of UV.
The cercariae neither contain detectable levels of UV absorbing

compounds for protection against UV, nor do they appear capable
of dealing with increasing oxidative stress during exposure to UV.
Moreover, exposure of cercariae to UV also induced DNA damage
and no evidence was found for a light-dependent recovery capacity
which may possibly prolong their functionality in the environment
and thus increase their transmission success. Results presented
here thus consistently confirmed that UV has the potential to im-
pair cercariae and cause disruption of cellular processes, and that
cercariae of M. novaezealandensis possess only little, if any, capacity
to prevent and cope with such effects.
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