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Abstract

Populations of organisms routinely face abiotic selection pressures, and a central goal
of evolutionary biology is to understand the mechanistic underpinnings of adaptive
phenotypes. Ultraviolet radiation (UVR) is one of earth’s most pervasive environmen-
tal stressors, potentially damaging DNA in any organism exposed to solar radiation.
We explored mechanisms underlying differential survival following UVR exposure in
genotypes of the water flea Daphnia melanica derived from natural ponds of differing
UVR intensity. The UVR tolerance of a D. melanica genotype from a high-UVR habi-
tat depended on the presence of visible and UV-A light wavelengths necessary for
photoenzymatic repair of DNA damage, a repair pathway widely shared across the
tree of life. We then measured the acquisition and repair of cyclobutane pyrimidine
dimers, the primary form of UVR-caused DNA damage, in D. melanica DNA follow-
ing experimental UVR exposure. We demonstrate that genotypes from high-UVR
habitats repair DNA damage faster than genotypes from low-UVR habitats in the
presence of visible and UV-A radiation necessary for photoenzymatic repair, but not
in dark treatments. Because differences in repair rate only occurred in the presence of
visible and UV-A radiation, we conclude that differing rates of DNA repair, and
therefore differential UVR tolerance, are a consequence of variation in photoenzy-
matic repair efficiency. We then rule out a simple gene expression hypothesis for the
molecular basis of differing repair efficiency, as expression of the CPD photolyase
gene photorepair did not differ among D. melanica lineages, in both the presence and
absence of UVR.
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is important to understanding the scope and limits of
evolutionary adaptation (MacColl 2011). Such knowl-
edge is also essential for predicting future evolutionary
responses to changes in environmental conditions due
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to global climate change (Bell & Collins 2008; Hoffmann
& Sgro 2011; Carlson et al. 2014). However, inferences
of adaption to natural environmental stressors are often
obscured by a lack of knowledge about the biological
mechanisms that underlie observed differences in fit-
ness among study populations. Conversely, evolution
experiments in the laboratory (often with model organ-
isms) can elucidate connections between phenotype,
genotype and fitness under laboratory conditions, but
the relevance of these connections to adaptation in nat-
ure is often unknown. An ideal combination is to
explore the biological mechanism(s) responsible for
clear fitness differences between closely related natural
populations in response to a well-characterized environ-
mental stressor that differs among populations.

Ultraviolet radiation (UVR) is an environmental stres-
sor common to most aboveground terrestrial, freshwa-
ter and shallow marine habitats worldwide. The
shortest wavelength radiation that reaches the surface
of the earth, UV-B, is most harmful to life because it
damages DNA by altering the structure of nucleotides
in ways that interfere with transcription and replication
(Cadet et al. 2005; Pfeifer et al. 2005). The harmful
effects of UVR-caused DNA damage are both immedi-
ate (altering gene transcription and protein expression)
and lasting (increasing the baseline mutation rate,
which can raise mutational load). The mechanisms
organisms employ to reduce the burden of natural UVR
exposure include behavioural avoidance, photoprotec-
tive pigmentation and DNA repair pathways (Hansson
& Hylander 2009).

Most species, including prokaryotes and eukaryotes,
possess a repair mechanism specifically targeted at the
two UVR-caused DNA damage structures, cyclobutane
pyrimidine dimers and (6-4) photoproducts, both of
which contain chemical bonds between adjacent pyrim-
idine bases in DNA. This widespread mechanism,
known as photoreactivation, photoenzymatic repair or
simply photorepair (Sutherland 1981; Heelis et al. 1993;
Thoma 1999; Sinha & Hader 2002), employs a pho-
tolyase enzyme that binds to UVR-caused dimers and
reverses the damage using energy derived from pho-
tons of visible or UV-A light. Photolyases are struc-
turally related to cryptochromes, and contain a catalytic
domain with a light-sensitive cofactor FAD and a DNA
binding site. Repair of the DNA lesion occurs when the
reduced form of the cofactor (FADH-) absorbs a light
photon and subsequently injects an electron into the
lesion, causing breakage of the double bond(s) between
adjacent nucleotides (Heelis et al. 1993). In addition to
the catalytic domain, photolyases also contain an
N-terminal domain that in some, but not all, species
contains an ‘antenna’ chromophore that broadens the
action spectrum of the enzyme. However, the only

characterized crystal structure of a eukaryotic pho-
tolyase lacked a bound antenna chromophore (Kiontke
et al. 2011). Although the photorepair mechanism is
dependent on the presence of light, it is much less
energy-intensive for organisms than the more general
excision repair pathways, which remove and replace
damaged nucleotides entirely (Sinha & Hader 2002).

Zooplankton are among the most important primary
consumers in both freshwater and marine habitats and
are often exposed to levels of UVR that favour the evolu-
tion of defensive mechanisms. Cladocera and copepods
have been intensively studied for their diverse adapta-
tions to life in high-UVR environments such as shallow
ponds and highly transparent lakes (Hansson & Hylan-
der 2009). Several species of the freshwater microcrus-
tacean Daphnia are among the most thoroughly studied,
and differences exist among species and among popula-
tions in photoprotective melanin pigmentation (Hebert &
Emery 1990; Hessen 1996; Scoville & Pfrender 2010) and
the propensity to vertically migrate away from UVR
(Leech et al. 2005; Williamson et al. 2011). In addition,
DNA photorepair is a key UVR tolerance mechanism for
zooplankton (Malloy et al. 1997; Zagarese et al. 1997;
Grad et al. 2001, 2003; Williamson et al. 2002; Ramos-Jili-
berto et al. 2004; Tartarotti et al. 2014), including Daphnia
(Grad et al. 2001; Williamson et al. 2001; MacFadyen et al.
2004), where it differs in efficiency among species (Con-
nelly et al. 2009). How existing interspecies differences in
DNA photorepair efficiency arose is a question with
considerable evolutionary significance.

The first step in the process of divergence in DNA
photorepair efficiency among species was likely the for-
mation of distinct populations of a single species that
evolved in response to contrasting underwater UVR
environments. We have previously identified a system
of closely related populations of the water flea Daphnia
melanica in shallow subalpine ponds of Olympic
National Park, WA, USA that bears these features
(Miner & Kerr 2011). Ponds inhabited by D. melanica
differ dramatically in transparency to UVR as a result
of dissolved organic matter concentrations, and D.
melanica from these ponds differ in their ability to sur-
vive under laboratory UVR. Daphnia genotypes from
ponds with higher UVR transparency exhibit greater
survival following laboratory UVR exposure, presum-
ably due to adaptation to the UVR threat in their native
pond (Miner & Kerr 2011). Because the ponds are shal-
low (<1.5 m maximum depth), Daphnia in the most
transparent ponds cannot escape UVR by migrating to
deeper water, and our measured differences among
populations in laboratory UVR tolerance also cannot
result from behavioural avoidance. Therefore, beha-
vioural mechanisms are not sufficient to explain diver-
gent UVR-tolerance phenotypes in this system.

© 2015 John Wiley & Sons Ltd
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In most other clearwater UVR habitats worldwide,
Daphnia individuals exhibit high concentrations of pho-
toprotective melanin pigmentation (Hebert & Emery
1990; Hessen 1996; Hansson et al. 2007; Scoville &
Pfrender 2010), yet our D. melanica have minimal mela-
nin content that does not vary among populations
(Miner & Kerr 2011; Miner et al. 2013). Another cate-
gory of photoprotective compounds, mycosporine-like
amino acids (MAAs), have more recently been discov-
ered to be important for copepods, but not Daphnia, in
high-UVR environments (Sommaruga & Garcia-Pichel
1999; Moeller ef al. 2005, Hansson ef al. 2007, Som-
maruga 2010). Antioxidant enzymes such as catalase
and glutathione transferase can also play a role in
UVR defence for zooplankton, including Daphnia
(Borgeraas & Hessen 2002; Hessen et al. 2002; Balseiro
et al. 2008). Carotenoid accumulation is frequently
found in copepods and has been shown to protect
against UVR, but is not commonly found in Daphnia
(Hansson et al. 2007; Hansson & Hylander 2009; Som-
maruga 2010). However, carotenoids are present in
Daphnia fat bodies and developing eggs (Green 1957),
and carotenoid availability in the diet may influence
antioxidant activity, providing an indirect link to UVR
tolerance (Hessen 1993).

Here we describe investigations of the roles of pig-
mentation and DNA repair in determining differences
in UVR tolerance among Daphnia genotypes derived
from habitats differing in UVR exposure. We conducted
a series of laboratory experiments to evaluate the
importance of DNA photorepair, including measure-
ments of UVR tolerance and the rate of removal of
cyclobutane pyrimidine dimers (CPDs), the primary
DNA damage structure resulting from UVR exposure
(Sinha & Hader 2002; Cadet et al. 2005). We also mea-
sured expression of the gene photorepair, which encodes
the CPD photolyase enzyme. Our findings demonstrate
striking differences among genotypes from closely
related populations in a basic biological mechanism
necessary for coping with one of earth’s most pervasive
environmental stressors.

Materials and methods

Source of Daphnia genotypes and laboratory culture
conditions

We collected live Daphnia from shallow ponds in the
Seven Lakes Basin region of Olympic National Park,
WA and propagated genotypes in laboratory culture as
asexually reproducing clones. The five focal genotypes
of the present study were collected in August 2009 from
one pond with UVR transparency that was high relative
to other ponds in the area (genotypes 2, 3 and 5); the
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other pond had relatively low UVR transparency
(genotypes 1 and 4). For the former, which we here
refer to as the ‘High UVR Pond’, the percentage of inci-
dent UV-B estimated at 10 cm depth averaged 85%
across three years; the latter, identified as the ‘Low
UVR Pond’, averaged 19% of incident UV-B at 10 cm
depth (see Miner & Kerr 2011 for details; the ponds
used here are labelled as ‘C’ and ‘K’ in Fig. 1 of that
study). From our previous work we knew that these lin-
eages have distinct multilocus genotypes at microsatel-
lite loci and differ in their ability to survive UVR
exposure in the laboratory, although they had minimal
melanin content in the field and in laboratory culture
(see Miner & Kerr 2011; Fig. 2B). We cultured Daphnia
at 12 °C on a 16L:8D photoperiod in FLAMES zoo-
plankton medium (Celis-Salgado et al. 2008) with regu-
lar feeding of vitamin-supplemented Cryptomonas
ozolinii. The genotypes were cultured in the laboratory
for over one year before the experiments detailed here
were conducted.

Measurement of carotenoids and mycosporine-like
amino acids (MAAs)

We measured carotenoid and MAA content of field-col-
lected Daphnia from the two source ponds of the focal
genotypes of this study, in addition to two other ponds
in the region. We collected live Daphnia with plankton
tow nets and isolated animals in 0.2 pm filtered water
from the source pond for >1 h to clear the gut of
potential carotenoid or MAA contributions from par-
tially digested phytoplankton. We placed the animals in
1.7-mL centrifuge tubes and flash-froze immediately in
a dry shipper containing liquid nitrogen, then stored in
the laboratory at —80 °C. To measure carotenoid
content, we combined 7-10 animals in each replicate
extraction in 95% ethanol for 18 h in the dark after
homogenizing the tissue with plastic pestles. We had 24
total replicate carotenoid extractions; six replicates from
each of four source ponds. Source ponds included the
two ponds from which our five focal genotypes were
collected, plus a second high-UVR pond and a second
low-UVR pond. We centrifuged samples at 14 000 g
for 5 min and measured absorbance at 474 nm, the
absorption peak for common carotenoids in zooplank-
ton (Hairston 1979; Hansson et al. 2007), in a Beckman
DU-50 spectrophotometer. Concentrations of pigments
were normalized to dry mass, which we estimated
from length measurements using an existing length—
mass regression (Bottrell et al. 1976). For MAA mea-
surement, we lyophilized frozen samples (~40 animals
per replicate) and measured dry masses of each. We
had 15 MAA replicates total: three from each of five
ponds at our field site, including the two ponds from
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which our five focal genotypes were collected. Extrac-
tion of MAAs and analysis via HPLC followed the
methods of Sommaruga (2010) and took place in the
laboratory of R. Sommaruga at the University of Inns-
bruck, Austria.

Experimental assessment of the role of photorepair in
determining survival under UVR

To evaluate the importance of the photorepair mecha-
nism for UVR tolerance, we took advantage of the fact
that the mechanism can be disabled simply by depriv-
ing the animals of UV-A and visible wavelengths of
radiation (together, ‘photorepair radiation” or PRR). We
conducted parallel UV-B-exposure trials in the presence
and absence of PRR in a temperature-controlled incuba-
tor equipped with a UV-lamp phototron modified from
the design of Williamson et al. (2001), Miner & Kerr
(2011). One advantage (among many) of this design is
that the lamps used to provide UV-A and UV-B
radiation emit a broad range of wavelengths within the
UV spectrum, rather than peak irradiance at a single
wavelength (see Fig. 4 in Williamson et al. 2001). The
apparatus consisted of a horizontal rotating wheel
under a UV-B lamp (XX-15B; Spectronics Corporation)
where beakers containing Daphnia were placed. Each
experimental trial consisted of cohorts of egg-bearing
adult Daphnia that were each 28-35 days old. A single
experimental replicate consisted of an uncovered beaker
containing 80 mL of FLAMES medium, C. ozolinii
(~4.5-5.5 mg/L dry mass), and 10 Daphnia from either
the high-UVR or low-UVR genotype. We placed these
beakers on the outer rim of the rotating wheel in the
phototron and exposed the animals to 12 h of UV-B
radiation during a 16-h day at 12 °C, in either the pres-
ence or absence of PRR provided from the sides with
cool white fluorescent and Q-Panel UVA-340 lamps.
The total UV-B dosage in the treatments without PRR
was ~27-33 kJ/m?, quantified with a PMA2101 erythe-
mally weighted UV-B detector attached to a PMA2100
radiometer (Solar Light, Glenside, PA, USA). We esti-
mate this dose to be less than double the natural dose
that our Daphnia genotypes would be exposed to near
the surface of their native pond on an average summer
day (using UV-B irradiance data for this region
described by Palen et al. 2002). On the day following
UV-B exposure, we moved each experimental unit of 10
animals into 500 mL of the same algae/medium mix
and maintained these under continuing conditions of
either +PRR or —PRR at 12 °C for an additional 7 days
before counting survivors. We added fresh algae once,
on the 3rd or 4th day following exposure, during the
period between UV-B exposure and survival measure-
ment. There were between 21 and 26 experimental

replicates (beakers of 10 Daphnia) per genotype, per
treatment, spread among four experimental blocks. All
experiments included an overall control treatment in
which animals were not exposed to UV-B; survival here
was always 100%.

Quantification of the rate of repair of UVR-caused
CPDs

To measure the rate at which UVR-caused CPDs are
repaired via the photoenzymatic process, we used the
same experimental apparatus described above, but with
an acute dose of UV-B (without PRR) followed by 0, 3,
6 or 12 h for repair in either the presence or absence of
PRR. There were 12 animals in each beaker, of which
three individuals were collected at each time point
(comprising a single experimental replicate). There were
between 6 and 21 replicates per genotype, per time
point in the +PRR treatment and 4-6 replicates per
genotype, per time point in the -PRR (dark) treatment.
The acute UV-B dose was =2 kJ/m? applied over
30 min (Experiment 1) or ~4kJ/ m? applied over
60 min (Experiment 2) in the phototron using three XX-
15B lamps (Spectronics Corporation), followed by expo-
sure to PRR immediately afterwards (Experiments 1
and 2), or the absence of PRR (i.e. darkness; applied to
a subset of replicates in Experiment 2, which we refer
to as Experiment 3 for clarity). The instantaneous UV-B
dose applied here was ~25-50% greater than for the
survival experiments described above, to generate
detectable quantities of CPDs. We collected animals at
0, 3, 6 and 12 h after exposure, flash-froze them in lig-
uid nitrogen and later extracted DNA using the CTAB
method (Cristescu et al. 2006) and quantified DNA with
the Quant-iT PicoGreen dsDNA Assay Kit (Life Tech-
nologies, Grand Island, NY, USA). We then measured
the quantity of CPDs in 10 ng of extracted DNA using
a monoclonal antibody for CPDs (clone TDM-2; Cosmo
Bio Co., Tokyo, Japan; Mori et al. 1991) in the ELISA
protocol described in the accompanying Supporting
information.

Measurement of expression of the photorepair gene

We quantified expression of the Daphnia gene encoding
the CPD photolyase, which we call photorepair to match
its homolog in Drosophila melanogaster (Boyd & Harris
1987). We measured photorepair expression in four
D. melanica genotypes (genotype labels correspond to
those used above: genotypes 1 and 4 from the low-UVR
pond and genotypes 2 and 5 from the high-UVR pond)
under two radiation treatments: UV-B plus PRR, or visi-
ble light only (no UVR). Radiation treatments were
applied in the phototron using the same experimental

© 2015 John Wiley & Sons Ltd
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setup as described in the survival experiments above,
although the radiation treatments lasted only 6 h. Each
experimental trial consisted of same-age cohorts born
within a 7-day period, and all experimental organisms
were egg-bearing adult females. Each experimental
replicate consisted of five to eight animals in a 100-mL
beaker with FLAMES medium and algal food as
described above. There were 7-8 replicates per clone in
the +PRR treatment and 5-6 replicates per clone in the
visible light treatment. We exposed the beakers to the
light treatments for 6 h, from 7:00 to 13:00, and then
preserved all animals from each beaker into a single
sample in RNA-Later (Qiagen), which was kept at 4 °C
for two to three days and then stored at —20 °C until
RNA extraction. RNA extraction and qPCR methods are
described in detail in accompanying Supporting infor-
mation, including our use of a geometric averaging
method for normalizing expression of photorepair using
three reference genes.

Statistical analyses

We tested the significance of experimental results using
generalized linear models (GLMs), linear mixed-effects
models (LMMs), and anova models fit in R (R Core
Team 2014). For the survival experiment, we fitted a
GLM with a quasibinomial error distribution (due to
overdispersed data) and a logit link function. We
included PRR treatment (present or absent), genotype
ID (low UVR" and ‘high UVR’) and the interaction
between the two as linear predictors of the survival
response. The interaction explicitly addresses our
hypothesis that the two Daphnia genotypes differ in the
degree or direction in which they respond (in survival
terms) to PRR; we tested its significance with an F-test.

For the DNA repair experiments, we used LMMs that
included random effects of genotype ID within pond
type (high-UVR or low-UVR), and experimental block.
With absorbance at 492 nm of the ELISA product as
our response variable, we modelled the decrease in
DNA damage over time as an exponential decay pro-
cess, in which the fraction of CPDs removed per unit
time is constant. We used a two-parameter exponential
decay model, for which the linear form is: In(ab-
sorbance) = a — bt, where t is time since DNA damage
(in hours), a is the model intercept and b is the decay
rate. Our null model included repair time and pond
type as fixed effects. Our second model added a fixed
effect for the interaction between repair time and pond
type. We then evaluated the two models using a likeli-
hood ratio test and by comparing values for Akaike’s
Information Criterion (AIC).

For our gene expression data, we performed a two-
way analysis of variance on normalized photorepair

© 2015 John Wiley & Sons Ltd

expression values, with genotype ID (four genotypes),
light treatment (UVR present or absent) and the geno-
type x light treatment interaction as fixed effects. We
evaluated the significance of each fixed effect with
F-tests.

Results

We did not detect even trace amounts of MAAs in any
of the Daphnia melanica samples, and carotenoid concen-
tration was below 0.015 pg/mg dry mass in all samples
(Fig. S1, Supporting information). Together with our
previous finding that melanin content is low and invari-
able among these D. melanica populations (Miner &
Kerr 2011), very low carotenoid content and lack of
MAAs suggest that differences in UVR tolerance (Miner
& Kerr 2011) cannot be due to photoprotective pigmen-
tation. We had also previously ruled out behavioural
avoidance as a sufficient explanation (Miner & Kerr
2011), leaving only antioxidant enzyme activity and/or
the capacity for repair of UVR-caused DNA damage as
potential UVR tolerance mechanisms. We choose to
focus solely on the latter in this study.

Because photoenzymatic repair is responsible for the
majority of repair of UVR-caused DNA damage in mul-
tiple Daphnia species (Grad et al. 2001; Williamson et al.
2001; Connelly ef al. 2009), we explored whether the
light wavelengths necessary for photorepair (visible and
UV-A, together known as ‘“photorepair radiation’) influ-
enced UVR tolerance in two D. melanica clonal geno-
types (‘Genotype 1’, from the low-UVR pond in nature,
and ‘Genotype 2/, from the high-UVR pond). We found
that the survival advantage under UVR of Genotype 2,
from the high-UVR pond, disappeared when we
removed photorepair radiation (Fig. 1). The presence of
a statistically significant interaction between light treat-
ment and Daphnia genotype (Fy ¢ = 16.76, P = 0.0001)
demonstrates that the two D. melanica clonal genotypes
have dramatically different survival responses to light
treatment. This result provides indirect evidence that
the DNA photorepair mechanism likely differs among
these two genotypes, providing a potential mechanistic
explanation for among-population differences in UVR
tolerance documented previously (Miner & Kerr 2011).

To further explore the potential for differences among
D. melanica clonal genotypes in the efficiency of pho-
torepair of UVR-caused DNA damage, we measured
DNA damage and repair directly. Cyclobutane pyrim-
idine dimers (CPDs) are alterations to the structure of
DNA that are generated by exposure to UV-B radiation,
and they are an important reason that UVR is harmful
to organisms (Kittler & Lober 1977; Ellison & Childs
1981). Using an ELISA method with an antibody that
binds to CPDs, we measured the rate of repair of CPDs
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Fig. 1 Survival (mean £ SEM) under laboratory UV-B of two
Daphnia clonal genotypes, one derived from a transparent pond
with high UVR exposure and the other from a much less trans-
parent pond with lower UVR exposure. The x-axis represents
the presence or absence of photorepair radiation, the visible
and UV-A light wavelengths necessary for photoenzymatic
repair. The dramatic difference in survival in the presence of
PRR disappears completely when PRR is removed, as demon-
strated by a highly significant interaction term between PRR
treatment and Daphnia source (Fy 4, = 16.76, P = 0.0001) in our
GLM, with n = 66 observations.

in the DNA of animals following acute UV-B exposure.
We measured repair of CPDs in two different experi-
ments, using a total of five different clonal
D. melanica genotypes (three from the high-UVR pond
and two from the low-UVR pond).

Experiment 1 measured the rate of repair of CPDs in
three genotypes (Genotype 1, from the low-UVR pond;
and genotypes 2 and 3, both from the high-UVR pond)
following an acute exposure to UV-B radiation. We
found evidence for a faster rate of DNA repair in the
genotypes from the high-UVR pond, although some
samples from later in the repair trajectory approached
the approximate detection limit of our ELISA (Fig. 2A).
Therefore, we conducted a second experiment in which
the initial damaging UV-B radiation dose was higher.
In this second experiment, we used different D. melanica
clonal genotypes than in the first experiment (Genotype
4, from the low-UVR pond, and Genotype 5, from the
high-UVR pond). We used different genotypes in
Experiment 2 for two reasons: (i) to increase our
genotypic sampling, and (ii) because insufficient num-
bers of mature, same-age cohort females of the other
genotypes were available at the time. The results of
Experiment 2 again suggest a faster rate of DNA repair
in the genotype derived from the high-UVR pond in
nature (Fig. 2B).

To evaluate the statistical significance of the DNA
repair results from the two experiments in a single anal-
ysis, we analysed the combined data set using linear
mixed-effects models. We modelled the decrease in
DNA damage over time as an exponential decay pro-
cess. Our null model included repair time and pond
type as fixed effects, with no interaction term. This
allowed for genotypes from different pond types to
have different starting points for the damage decay
curves in Fig. 2A, B, but required that all genotypes
have the same decay rate. Our second model allowed
repair rate to depend on pond type, such that geno-
types from high-UVR ponds could have a faster or
slower decay rate than genotypes from low-UVR ponds
(thus, the first model is strictly nested within the sec-
ond). We compared the two models using a likelihood
ratio test (y* = 6.1096, P = 0.01345) and by comparing
AIC values (Table 1; AAIC = 4.11). The significant dif-
ference between the two models indicates that D. melan-
ica genotypes from the high-UVR pond repair CPDs
faster than genotypes from the low-UVR pond in the
presence of photorepair radiation.

We confirmed that the removal of CPDs following
UV-B exposure was light-dependent by adding a treat-
ment to Experiment 2 in which animals were kept in
the dark following UV-B exposure, which we refer to
as Experiment 3. For this ‘dark repair’ experiment, we
used genotypes 1 and 2 (also used in Experiment 1
and the survival experiments described earlier). We
chose these two genotypes to measure CPD removal
in the absence of photorepair radiation in the same
genotypes for which we had already measured sur-
vival under similar (dark) conditions (as shown in
Fig. 1). The results of Experiment 3 indicate that very
little repair of CPDs occurs in the dark, and the rate
of dark repair does not differ between D. melanica
genotypes (Fig. 2C).

As a first step towards uncovering the molecular
mechanism responsible for the elevated rate of DNA
photorepair in genotypes from high-UVR ponds, we
measured expression of the D. melanica gene photore-
pair, which encodes the CPD photolyase enzyme
responsible for the photoenzymatic repair of CPDs in
DNA. We found similar photorepair expression among
four Daphnia genotypes (two from the high-UVR pond
and two from the low-UVR pond) in both the
presence and absence of UVR (Fig. 3, P > 0.68 for all
F-tests).

Discussion

We sought to identify the mechanistic underpinnings of
previously documented differences in UVR tolerance
among D. melanica populations from natural ponds that

© 2015 John Wiley & Sons Ltd
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Fig. 2 The relative quantity (mean + SEM) of UVR-caused
CPDs in Daphnia DNA over 12 h following exposure to an
acute dose of UV-B. Absorbance values from the ELISA for
CPDs are normalized to the highest mean value in each panel
for ease of presentation. (A) Experiment 1, organisms exposed
to photorepair radiation (visible + UV-A); (B) Experiment 2,
organisms exposed to photorepair radiation; (C) Experiment 3,
organisms kept in the dark, preventing photorepair. Statistical
analysis of these data is summarized in Table 1.

differ in UVR transparency (Miner & Kerr 2011). Three
categories of zooplankton adaptations to reduce UVR-
caused DNA damage exist: behavioural avoidance, pho-
toprotective pigmentation and DNA repair (Hansson &
Hylander 2009). Our previous work and our current
findings allow us to rule out the first two of these
strategies. Behavioural avoidance of UVR is insufficient
to explain differences in UVR tolerance for animals
from shallow ponds with high UVR transparency, espe-
cially because our tests of UVR tolerance did not pro-
vide a behavioural refuge. Pigmentation options for
Daphnia include melanin, which is low in our study
populations (Miner & Kerr 2011), carotenoids, which
are also low in our study populations (Fig. S1, Support-
ing information), and perhaps MAAs, which in the
present study we found to be entirely absent. Having
ruled out behavioural and pigmentation strategies, we
concentrated our study on the repair of UVR-caused
DNA damage.

It is well known that the photoenzymatic repair path-
way is important for the removal of UVR-caused DNA
damage in many organisms, including multiple species
of Daphnia (MacFadyen et al. 2004; Connelly et al. 2009).
We took advantage of the light-dependence of this
process by conducting UVR tolerance trials in the pres-
ence and absence of photorepair radiation. The survival
advantage enjoyed by Genotype 2, from the high-UVR
pond, disappeared when we removed photorepair radi-
ation (Fig. 1), implying that a light-dependent mecha-
nism such as DNA photorepair is involved. We
therefore measured the rate of removal of UVR-caused
CPD damage structures in DNA in five clonal D. melan-
ica genotypes, and our results show that high-UVR
pond genotypes repair CPDs significantly faster than
low-UVR pond genotypes in the presence of photore-
pair radiation (Fig. 2A, B, Table 1), but not in the
absence of photorepair radiation (Fig. 2C). We then
asked whether expression of the photorepair gene that
encodes the CPD photolyase responsible for CPD repair
could explain differences in DNA repair rate among

Table 1 Linear mixed-effects models for DNA repair rate. The decrease in DNA damage over time is modelled as an exponential
decay process, with In(ELISA absorbance) as the response variable, and #n = 277 observations. Both models contain random effects of
genotype ID within pond type, and experimental block. A likelihood ratio test demonstrates that the models are significantly differ-

ent (3% = 6.1096, P = 0.01345)

Model Fixed effects k log-likelihood AIC AAIC
Repair rate depends Repair time, Pond origin, 7 —101.93 217.87 0

on pond origin time x origin interaction
Null Repair time, Pond origin 6 —104.99 221.98 4.11

© 2015 John Wiley & Sons Ltd
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genotypes, but found gene expression to be similar in
all genotypes, both in the presence and absence of UVR
(Fig. 3).

Our primary finding here is that D. melanica geno-
types differ in rates of light-dependent repair of UVR-
caused DNA damage, highlighting a mechanism that
may contribute to previously observed among-popula-
tion differences in UVR tolerance. Our unbalanced
design of measuring repair rates for different genotypes
in different experiments (Fig. 2) is not ideal, and pre-
cludes any inference beyond the five genotypes studied
here. Yet our in-depth assessment of DNA repair rates
in a small number of clonal genotypes is not intended
as a definitive demonstration that differences in DNA
repair rates exist at the population level. A broader
sampling of many more genotypes would be required
to draw such a conclusion with certainty. Instead, we
sought to evaluate the potential for significant variation
in DNA repair rates among our five focal genotypes,
whether any differences were light-dependent, and
whether differences among genotypes correlated with
the UVR threat in their native habitat. Our finding that
genotypes from the high-UVR pond do indeed repair
DNA faster than those from the nearby low-UVR pond,
and via a photorepair mechanism, is a compelling
demonstration of the evolutionary flexibility and adap-
tive importance of DNA repair. Although some studies
have found variation in DNA repair efficiency among
species (Karentz et al. 1991; Connelly et al. 2009), our
findings demonstrate that variation in photorepair can
exist within a single species. The match between DNA
repair rate, UVR tolerance and the UVR threat in each
genotype’s native habitat draws an important connec-
tion between environment, fitness and molecular mech-
anism.

An intriguing unresolved issue in our study system
is the identification of the specific molecular basis of
elevated DNA photorepair. The CPD photorepair
mechanism is quite simple at the molecular level, with
only a single CPD photolyase gene and enzyme product
rather than an elaborate protein pathway (Liu et al.
2015). This situation informs a small number of straight-
forward hypotheses for the molecular basis of elevated
repair. In this study we were able to definitively reject
the hypothesis that differences in CPD photorepair rate
were due to differences in mRNA expression of the pho-
torepair gene that encodes the CPD photolyase enzyme
(Fig. 3). Although the Daphnia pulex genome (Colbourne
et al. 2011) contains only one version of this gene, copy
number variation could exist among genotypes (Eagle
& Crease 2012) and may be worthy of investigation.
However, our finding of similar expression of photore-
pair among genotypes does not suggest copy number

2.0

1.0 —

0.5 —

Photorepair relative expression

0.0 —
Gt. 1 Gt. 4 Gt. 2 Gt. 5
Low UVR Pond High UVR Pond

Fig. 3 Normalized photorepair expression (mean £ SEM) in the
presence (shaded bars) and absence (open bars) of UVR, in
four D. melanica clonal genotypes, two from the low-UVR pond
and two from the high-UVR pond. ‘Genotype’ is abbreviated
‘Gt’. and genotype identities correspond to those in earlier
figures. F-tests for the effect of genotype, UVR treatment, and
genotype x treatment interaction all resulted in P values >0.68,
with n = 54 observations.

variation as the most likely mechanism underlying dif-
ferences in repair rate.

Several equally reasonable hypotheses remain to be
investigated regarding the genetic basis of variation in
CPD photorepair rate, which are not mutually exclu-
sive. These include: (i) changes in the coding sequence
of photorepair that alter the structure, function or longev-
ity of the enzyme; (ii) availability or function of pho-
tolyase cofactors such as FAD; (iii) post-transcriptional
processing of photorepair mRNA that affects the effi-
ciency of the enzyme; (iv) photorepair expression differ-
ences that occur only at certain points within the
circadian cycle, which we would have been unable to
detect in the present study that measured expression at
a single midday time point; and (v) differences in the
expression of other genes, such as heat shock proteins,
that may modulate efficiency of the photorepair pro-
cess. A separate but related issue worthy of further
investigation is the interaction between concentrations
of dissolved organic matter (DOM) in the source ponds,
UVR intensity, and reactive oxygen species (ROS) such
as H,O,. High DOM concentrations reduce the amount
of UVR to which zooplankton are exposed, but para-
doxically may result in increased exposure to damaging
ROS because of the photochemical reaction by which
DOM is converted to H,O, upon exposure to UV radia-
tion (Richard et al. 2007). Any such investigation should
prioritize measurement of Daphnia antioxidant enzyme
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activity in addition to traits similar to those measured
here.

Our D. melanica study populations from the Olympic
mountains are closely related to populations in the
Sierra Nevada (Miner et al. 2013) that have deep mela-
nin pigmentation (Scoville & Pfrender 2010). This leads
to the obvious question of why our Olympic D. melanica
genotypes that experience higher levels of UVR in nat-
ure have adapted to this environment via a DNA repair
pathway rather than the melanin pigmentation pheno-
type. At least two distinct possibilities exist: either the
Olympic populations have always lacked the genetic
variation necessary to induce concentrated melanin pig-
mentation in the carapace due to chance immigration
and resulting founder effects, or the existing non-
melanic genotypes with improved photoenzymatic
repair have a selective advantage over melanic geno-
types in even the clearest Olympic ponds. Both are rea-
sonable hypotheses that warrant further investigation.
The latter hypothesis is particularly appealing because
melanin pigmentation carries a growth-rate cost in
another Daphnia species (Hessen 1996). We do not know
whether the elevated photorepair capacity of our high-
UVR genotype carries an energetic cost relative to the
low-UVR genotype, but the fact that high-UVR geno-
types have not invaded nearby low-UVR ponds at our
field site is consistent with a trade-off hypothesis.

Identifying the physiological and genetic mechanisms
that underlie adaptive phenotypes in nature is funda-
mental to furthering understanding of how populations
respond to natural selection. Identifying adaptive phe-
notypes is a necessary first step, but pushing down to
the mechanistic details of such phenotypes can lead to
novel insights about evolutionary process (e.g. Deng
et al. 2010; Rosenblum ef al. 2010). Adaptation in
response to abiotic environmental stressors is particu-
larly important given that the frequency and intensity
of many environmental stressors will continue to
change as a result of human activities. Studying natural
populations that have adapted to existing gradients in
abiotic stress, as we have done here, should inform
expectations about future adaptive evolution in popula-
tions subject to changes in abiotic conditions due to glo-
bal climate change. Exposure to UVR is a
environmental stressor that must be included in this
research agenda, given that summertime UVR levels in
the mid-latitude regions may increase due to storm-
related ozone depletion (Anderson et al. 2012), and
recent observations of a dramatic and unprecedented
increase in ozone depletion in the arctic (Manney et al.
2011) that may become frequent in coming decades
(Sinnhuber et al. 2011). Our finding that differences can
evolve among genotypes in the efficiency of an enzy-
matic pathway widely shared across the tree of life —

© 2015 John Wiley & Sons Ltd

photorepair of UVR-caused DNA damage — highlights
the importance of understanding the organismal mecha-
nisms that underlie adaptations to environmental chal-
lenges in nature.
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