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Abstract
Stratospheric ozone depletion (the ozone hole) over the Antarctic, and the resulting increase
of ultraviolet-B radiation (UV-B, 280 to 320 nm), poses a major threat to Antarctic marine
ecosystems (Wulff, 2008). The ozone hole is now predicted to persist for the next 50 years
at least, and with the threat of global climate change extending its life, its direct effects in
marine ecosystems and the organisms within are paramount.
Planktonic organisms, including the larval life-history stages of many benthic marine
invertebrates, are exposed to harmful UV-B while in the upper water column. UV-B causes
lethal and sub-lethal damage to DNA, lipids and proteins, reduces photosynthesis and
fecundity. UV-B increases 20-fold through the sea ice (Lesser et al., 2004) while the ozone
hole is present and penetrates deeper into the water column (Smith, 1992), while near-UV
and blue light, associated with photo-reactivation and photo-repair do not proportionally
increase, tipping the balance in favour of damage.
Cyclobutane pyrimidine dimers (CPDs) are the most common form of DNA damage
induced by UV-B, and can be repaired through the production of photolyases that reversibly
bind and convert CPDs back to the original bases. Photolyase are catalytic, using near-UV
and blue light (320-700 nm) to repair damaged DNA. Photolyase activity has already been
shown to increase under ozone depleted conditions (Lamare, et al., 2006; Isely, et al.,
2009).
This thesis applies in situ hybridisation techniques to examine expression of the DNA repair
enzyme photolyase in sea urchin embryos in response to UV-R exposure. From this I was
able to see where, and to what extent, damage was occurring in relation to (1) depth (2) sea
ice coverage and (3) with overhead ozone conditions in McMurdo Sound during the spring
of 2008. I observed an increase in photolyase expression and abnormality with increased
exposure to UV-B (either by ozone depletion or open water). Most notably, photolyase
expression was significantly greater during periods when the ozone hole was positioned
over the study site.
The endemic New Zealand sea urchin Evechinus chloroticus was also exposed in situ during
the summer of 2009 and the expression of photolyase examined along with levels of CPDs.
E. chloroticus larvae expressed significantly higher levels of photolyase when exposed to
UV-B radiation at depths less than 2 m compared to larvae protected from UV-B.
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Chapter One: General Introduction

1.1.

Ultraviolet radiation

Ultraviolet radiation (UV-R) is typically divided into three wavelength ranges: UV-C (200–
280 nm), UV-B (280–320 nm), and UV-A (320–400 nm). UV-C wavelengths are
completely absorbed by the atmosphere, and although more UV-A penetrates through to
Earth than UV-B, it has been shown that UV-B is more hazardous as shorter wavelengths
have more energy. UV-B radiation, shown to enter the marine environment at ecologically
significant levels to depths of 20-30 m (Tedetti & Sempéré 2006; Rowland, 1990), has been
implicated in reducing photosynthesis, increasing mortality and reducing fecundity in
bacterioplankton, microalgae, as well as in the gametes and early developmental stages of
fish and other marine species (Smith, 1989 ;Karentz & Bosch, 2001, Lesser et al., 2001;
Lesser et al., 2003; Lamare et al., 2006; Tedetti and Sempéré, 2006; Lamare et al., 2007;
Sancar, 2008; Lister et al., 2010) through its direct absorption into DNA and the consequent
formation of cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts.
The effect the UV-A portion of the spectrum has on marine organisms is still under debate,
with studies suggesting both negative effects (Adams and Schick, 1996; Lesser and Barry,
2003; Lesser et al., 2003; Karentz et al., 2004) and little or no effect (Béland et al., 1999;
Kouwenberg et al., 1999; Lister et al., 2010). UV-A does, however, play a role in the repair
of DNA damage through photoreactivation. Photoreactivation is the reversal of the harmful
effects of far-UV radiation on organisms by concomitant or subsequent exposure of the
organism to UV-A/blue light (300–500 nm). Photoreactivation results from the repair of
DNA lesions in situ by photoreactivating enzymes (photolyase) that use a blue-light photon
as a co-substrate (Discussed in 1.6., Sancar, 2008).
Under ozone depleted conditions a higher proportion of UV-B to UV-A radiation reaches
Earth’s surface and into the ocean, skewing the balance between damage and repair. Even a
relatively small increase of UV-B radiation can lead to substantial biological effects
(Wilheim, 2002). During the ozone hole (under 220 DU) UV-B penetrates further into the
water column reaching depths of 35 meters, around 7 m deeper than during normal ozone
conditions (300 DU, Smith, 1992).
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1.2.

Stratospheric ozone depletion

The ozone molecule (O3), while only a small and variable proportion of the atmosphere,
plays a vital role in protecting earth from UV radiation. It does this by preferentially
absorbing the shorter, more biologically harmful, wavelengths in the ultraviolet radiation
portion of the solar spectrum (100- 400nm, Karentz et al., 1990; Madronich, 1998). The
level of ozone in the stratosphere is measured in Dobson units (DU), where one DU is
equivalent to 2.6 × 1016 molecules of ozone cm2. Ozone levels typically range from 260 to
450 DU depending on location and time of year. Stratospheric ozone levels at a particular
location are determined by photochemical production (through photolysis of O2), and
destruction by catalytic cycles (involving hydrogen (HOx), nitrogen (NOx), and halogen
(ClOx, BrOx)).
Stratospheric ozone depletion (defined as less than 220 DU) was first detected by Farman
and colleagues in the spring of 1984 over the British Antarctic Survey station at Halley Bay,
Antarctica (75.5° South Latitude, Farman et al.. 1985). During the spring of 1984 only 200
Dobson units (DU) were recorded, as opposed to the 300– 320 DU values recorded during
the 1960s. They observed the loss of ozone begins soon after the end of the polar winter
darkness, and progresses rapidly for several weeks into mid-October. This completely
unexpected phenomenon was first publicly reported in May, 1985, together with the
hypothesis that the ozone decrease was correlated with the increasing CFC concentrations in
the atmosphere (Farman et al. 1985, Rowland, 2006).
Since then, ozone depletion has been well documented (Zazulie, 2010). Ozone has
decreased globally by roughly 3% since 1980, with the largest declines of 40-50% seen
annually over the Antarctic, peaking during September and October - the ‘ozone hole’
(Rowland, 2009, Fig. 1.1) and to a lesser extent over the Arctic in July/August. The largest
ozone hole by area was recorded in 2006 with 27 million square kilometres, with the lowest
minimum value recorded in 1994 of only 92 DU; by comparison 2013 recorded an ozone
hole of 21 million square kilometres and 133 DU minimum (NASA ozonewatch).
This destruction of ozone has been attributed to an increase in anthropogenic
chlorofluorocarbons (CFCs) and hydroflurocarbons (HCFCs) in the atmosphere. CFCs are
inert in the lower atmosphere and can persist for over 100 years without reaction, but in the
stratosphere, photolysis by UV destroys the CFC molecules, freeing harmful chlorine atoms
that interact with and destroy ozone (Rowland 2006; Rowland, 1990).
15

Figure 1.1.: The average area of the ozone hole (in million square kilometres) over the last
three decades. The red circle indicates the year experiments were carried out (2008) when
the ozone hole was roughly the size of North America. Reduced ozone increases the ratio of
harmful UV-B radiation to repairing UV-A and blue light wavelengths. Volatility in the size
of the ozone hole is due to stratospheric temperatures and chlorofluorocarbons (CFCs) in
the stratosphere (NASA, TOMS Multimedia).

Temperatures in the winter Antarctic stratosphere support the formation of polar
stratospheric clouds, the droplets of which are the sites of the chemical reactions that
convert chlorine– and bromine–containing substances to photochemically active forms. The
strong polar vortex isolates this cold, chemically–modified air, and, with the return of
sunlight in early spring, chlorine– and bromine–catalysed photochemical reactions destroy
40–50% of the stratospheric ozone in the Antarctic polar cap region (Hartmann, 2000). This
process involves the freeing of atomic chlorine (from CFCs) that then goes on to destroy
stratospheric ozone with the formation of the free radical chlorine monoxide (ClO). ClO
goes on to react further to regenerate atomic chlorine in a catalytic chain reaction that can
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result in the removal 100,000 ozone molecules per chlorine atom (Rowland, 1990, Pyle,
2005) with a similar process also applying to bromine.
Ozone depletion is also accentuated by cold stratospheric temperatures. Over the last two
decades the lower stratosphere has cooled by approximately 0.6 K per decade over the midlatitudes of both hemispheres (Pyle, 2005). In the Antarctic, reductions in stratospheric
ozone, coupled with increases in greenhouse gases have resulted in significant radiative
cooling in the stratosphere of about 2°C since 1979 (Hartmann, 2000).
CFCs and halons are now controlled under the Montreal Protocol and its Amendments and
Adjustments. Concentrations of these molecules are now being replaced by a variety of
substances with lower ozone depletion potential but that are generally still greenhouse
gases, often with large climate change potential (Pyle, 2005)
One of the greatest consequences of stratospheric ozone depletion is the resultant increase in
damaging UV-B radiation without a proportional increase in longer ultraviolet-A (UVA:
320–400 nm) and blue wavelengths involved in photoreactivation and photorepair
(Madronich, 1998).

1.3.

Ozone Recovery

Several factors will determine the recovery of the ozone hole. First of all, levels of ozonedepleting substances remaining in the atmosphere, and how long they take to break down.
Secondly, the impact a changing climate will have on Polar atmospheric processes such as
circulation changes in the stratosphere. In addition, these factors may interact and
combinations of these effects may also be important (Newman et al., 2004; Rowland, 2006).
The primary factor behind the recovery of ozone is the reduction of inorganic chlorine (Cl)
and bromine (Br) levels in the atmosphere (Rowland, 2006). Atmospheric measurements of
chlorofluorocarbons have confirmed that the Montreal Protocol has been very successful in
reducing further emissions. According to Newman et al,. (2009) the ‘ozone hole’ will fully
recover to 1980 levels by 2067 (± 10 years) with models predicting anywhere from 2053
with the complete (though unrealistic) elimination of emissions, and 2095 for recovery of
stratospheric chlorine to a 2000 ppt level. The decreased use of HCFCs will hasten
Antarctic ozone hole recovery by 3–4 years.
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The impacts of climate change in the lower stratosphere could also affect ozone recovery; a
cooling of one degree Kelvin would increase the ozone hole by an estimated one million
square kilometres and vice-versa (Newman et al. 2004). Circulation changes, such as in the
Polar vortex, could also affect recovery. The Southern Polar vortex over Antarctica now
persists 2-3 weeks longer than during the 1980s, thought to be a result of stratospheric
cooling from lower ozone levels, and therefore less absorption of UV radiation. Future
changes in ozone will impact on stratospheric circulation (polar vortex, mid-latitude jet),
and potentially the troposphere as well (Polvani, 2010; Pyle, 2005). Indications are the
Antarctic ozone hole has already led to a change in surface temperature and circulation–
including the cooling that has been observed over most of the continent, excluding the
Antarctic Peninsula region that has seen a strong warming trend (Pyle, 2005; Zazulie,
2010). Climate change may facilitate UV-B levels continuing to increase a few percent per
decade through increases in water clarity with increased sea surface temperatures, and
decreased dissolved organic carbon (Reviewed in Campanale et al., 2011).

1.4.

UV- Induced DNA damage

All biological cells contain high levels of UV-absorbing agents such as nucleic acids and
proteins. A number of organisms produce additional UV-absorbing pigments such as
scytonemin (cyanobacteria) mycosporine-like amino acids (MAAs; in many cyanobacteria,
phytoplankton and macroalgae), parietin (lichens), flavanoids (in higher plants) and melanin
(in animals and humans); however, they cannot completely avoid UV radiation from reaching
DNA in outer tissue layers (Sinha & Häder, 2002).
Ultraviolet radiation causes the formation of DNA photoproducts. 80-90% of lesions found
in ultraviolet–irradiated DNA are cis-syn cyclobutane pyrimidine dimers (CPDs), formed by
[2 + 2] cycloaddition of two adjacent pyrimidine bases (usually a pair of thymines). CPDs
are mutogenic, disrupting normal cellular processing of DNA, bringing polymerases to a
halt and leading to a complex array of biological responses, including apoptosis, immune
suppression, and carcinogenesis. Pyrimidine-pyrimidone (6-4 photoproducts) account for
the other 10-20% of DNA damage caused by UV- irradiation (Fig. 1.2; Britt, 1996; Sinha &
Häder, 2002; Sancar, 2003, Sancar, 2008).
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Figure 1.2.: DNA photoproducts caused by exposure to UV-R. Left, a normal DNA strand
bond; centre, cyclobutane pyramidine dimer (CPD) lesion; right, 6-4 photoproduct (Sancar,
2003).

Both classes of lesions distort the DNA helix with CPDs and 6–4PPs inducing a bend or kink
of 7–9° and 44°, respectively. Shorter UV- R induces more DNA damage than longer
wavelengths, with UV-C

(< 280 nm) the most damaging. Although no biologically

significant UV-C radiation is present at the earth’s surface, the small amount of UV-B (280–
320 nm) and much greater input of UV-A (320–400 nm) from sunlight are the most important
sources of epidermal DNA damage in plants and animals (Britt, 1996). DNA damage has both
cytotoxic and genotoxic effects; even a single photon hit can potentially have a carcinogenic
or even lethal effect. DNA damage from UV-R leads to a reduction in growth and survival,
protein destruction and photoinhibition of photosynthesis in several organisms (Britt, 1996;
Sinha & Häder).

1.5.

DNA repair

Organisms are able to repair DNA damage in two ways. The first method, nucleotide
excision repair (NER) follows a number of discrete enzymatic steps: recognition of a lesion

in DNA; incisions made in the damaged strand, one on each side of the lesion; removal of
the oligonucleotide containing the lesion; resynthesis of the deleted nucleotide sequence
using the complementary DNA strand as template; and finally, ligation of the newlysynthesized region to the pre-existing strand (Hanawalt, 2002; Sancar, 2003). Even though
the enzymatic details differ the principal features of NER are the same for organisms as
diverse as bacteria, yeast and mammals (Hanawalt, 2002).
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Excision repair is energetically costly to the organism (Sancar, 2003). The second

method, photo-reactivation, is a more energy efficient, and a less error prone, way of

converting pyrimidine dimers back to separate monomers. Unlike excision repair this
pathway does not replace the damaged nucleic acids. Instead this process uses light in

the blue and UV-A portion of the ultraviolet spectrum to repair the damage using only
one enzyme – photolyase (Sancar, 2003).
1.6.

Photolyase

Photolyase is only one of two known naturally occurring classes of light-driven enzymes,
the other being cryptochromes, and can be found in all three kingdoms; archaea, eubacteria,
and eukaryotes, with the exception of placental mammals such as humans and mice (Essen,
2006). The amino acid sequences of about 50 photolyases are known, with the sequences of
these proteins varying in degrees of homology ranging from 15% to 70% or more (Sancar,
2003, Sancar, 2008). DNA photolyases are further divided into two classes: Class I, widely
found in eubacteria, fungi and haloarchaea. Class II are found mainly in eukaryotes (other
than fungi) as well as a few eubacteria, pathogens (poxviruses) and some parasitic
microsporidiae. A CPD-like photolyase has also been described in sponges that shared
sequence similarity with the cryptochrome/6-4 photolyase family, but exhibited the activity
of a typical CPD photolyase (Essen, 2006). Class I and class II photolyases can also be
further classified depending on the substrate to which they preferentially bind. CPD
photolyase repairs CPDs in single-stranded or double-stranded DNA and 6-4 photolyases
repair 6-4 photo-products (Essen, 2006).
Photolyases work by binding complementary DNA strands and breaking certain types of
pyrimidine dimers. Photolyase has a high affinity for these lesions and reversibly binds and
converts them back to the original bases. The photolyase reaction is light dependent, using
the UV-A/ blue light (350 nm to 450 nm) portion of the spectrum (Sancar, 2003).
Photolyases are the principal method used to repair CPDs and therefore their expression and
activity is key to understanding effects of UV-B on Antarctic marine organisms.
Photolyases are temperature dependent, with slower activity at lower temperatures (Sancar,
2003; Isley et al., 2009).

20

1.6.1.

Structure

Photolyases are monomeric proteins of 450 - 550 amino acids and two non-covalently
bound chromophore cofactors. One of the cofactors is always FAD, and the second is either
a folate class (methenyltetrahydrofolate (MTHF)), or a deazaflavin class photolyase (8hydroxy-7,8-didemethyl-5-deazariboflavin (8-HDF)) (Sancar, 2003, Fig. 1.3.).
The essential cofactor FAD specifically binds to damaged DNA and catalyses the reaction.
The second cofactor (or chromophore), MTHF or 8-HDF, is not necessary for catalysis and
has no effect on specific enzyme-substrate binding, but may increase the rate of repair 10 to
100–fold under light limiting conditions because they more efficiently absorb light – in the
near-UV/blue region. MTHF and 8-HDF are responsible for absorbing >90% of the photoreactivation photons in sunlight (Sancar, 2003, Fig 1.4.).

Figure 1.3.: Cofactors of the photolyase/cryptochrome family. All family members contain
FAD, the essential catalytic cofactor. The enzymes also contain a second chromophore,
which is either a pterin in the form of methenyltetrahydrofolate (MTHF) or a deazaflavin in
the form of 8-hydroxydeazariboflavin (8-HDF, Adapted from Sancar, 2003).

1.6.2.

Function

Even though photolyase is a light activated protein, it carries out catalysis according to
Michaelis – Menten kinetics. The enzyme first binds to the substrate to form the enzyme
substrate complex (ES), before catalysis occurs and the enzyme product complex (EP) is
formed, finally the product is released. The steps of photo-reactivation catalysis, therefore,
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are DNA binding (ES), base flipping (ES to EP), and the release of repaired DNA (Sancar,
2003). After photo-reactivation the repaired bases move out of the active site and back to
their original position in the double helix. Photolyase is unique in that the transition from
the ES to the EP is light dependent. In the absence of light the ES complex will still form,
but catalysis will not occur (Sancar, 2003, Fig. 1.4.).

A

B
C

D

Figure 1.4.: The reaction mechanism of DNA photolyase involves MTHF absorbing a
photon at 300-500 nm (A) and transferring the excitation energy to the FADH–(B). The
electron is then transferred to the CPD (C. substrate) which undergoes cyclo-conversion and
then transferred back to the FADH– releasing the product- (D) the repaired DNA strand
(Adapted from Sancar, 2008).

Unlike most enzymes, the formation of products from the catalytic reaction of photolyase
does not involve a conformational change in the protein. Enzyme catalysis occurs by an
electron transfer from one of the cofactors on photolyase to the CPD. This reaction breaks
the two bonds which form the CPD, with the electron transfer between the FADH– on the
photolyase to the CPD intermediated by adenine. Once the dimer is split, the electron is
transferred back to the enzyme and FADH– (Medvedev, 2001).
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Two pathways are possible for the photoreactivation of the CPD. The first and most direct
involves the FADH– absorbing a photon directly before transferring an electron to the CPD,
splitting the pyrimidine dimer (Medvedev, 2001, Sancar, 2003). The second pathway
involves the absorption of the photon by a second chromophore which then transfers an
electron to the FADH– (Sancar, 2003).

1.6.3.

Antarctica

Antarctica is thought to have been a variable UV-R environment over recent geological
time. This is due to its polar location, seasonal light cycle, high atmospheric ozone
concentrations, and the extensive, but seasonal, cover of sea ice (Lesser et al.,, 2004;
Lamare et al., 2006) The occurrence of the spring ozone depletion directly coincides with
the embryonic development of many Antarctic marine invertebrate species, including the
urchin Sterechinus neumayeri. Antarctic marine invertebrate larvae may be more
susceptible to the damaging effects of UV-B due to their small size, transparency, high
cellular division rate, low metabolic rate, length of time spent in the water column, and their
evolution in a low UV-R environment (Karentz, 1991; Karentz et al., 2004; Lesser, 2004;
Lamare et al., 2006; Lister et al., 2010).
Evidence to date suggests Antarctic embryos are particularly sensitive to UV-R.
Comparisons of DNA photo-repair of CPDs by Lamare et al., (2006) in the pluteus stages of
S. neumayeri indicated that embryos accumulated significantly more CPDs after exposure to
ambient UV-R, and that the repair of UV-R induced damage takes significantly longer in
the polar species of sea urchin when compared with their temperate and tropical
counterparts (Lamare et al., 2006; Lamare et al.,, 2007). Isely et al., (2007) continued this
work and found a seven-fold increase in photolyase expression in the blastula stage of the
Antarctic urchin S. neumayeri depending on treatment and depth. Expression in treatments
receiving ambient ultraviolet radiation increased with increasing daily UV-R dose,
particularly at the shallowest depth (0.5 m) where photolyase mRNA (normalised to actin)
concentration of 3.5 × 10-3 corresponded with a 105.4 kJ day-1 UV-R dose. UV-R dose and
photolyase mRNA concentration were positively related at three deeper depths (1, 5 and 10
m), though the magnitude of the dose variation did not correspond to a similar range in
mRNA concentrations. Expression in treatments protected from UV-B (UV-O) also
increased expression of photolyase mRNA with increasing UV-R dose, and was lower than
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the UV-T treatments in three of the four experimental depths. Isely et al., (2007) also found
constitutive expression of photolyase in all developmental stages, suggesting parental
endowment, although at levels insufficient to repair elevated levels of DNA damage. As a
result, an up–regulation in production is required to repair damage under naturally occurring
UV-R conditions.
In situ experiments by Lister et al., (2010) indicated that embryos of S. neumayeri have
some ability to increase activity of protective antioxidant enzymes under ozone–depleted
conditions, but not to levels sufficient to prevent severe oxidative damage from occurring.
Ozone depletion, and the resultant increase in UV-B exposure, led to clear increases in
abnormality and oxidative damage to lipids and proteins of embryos in the open water,
while sea ice cover largely mitigated the effects of increased UV-B. Sea ice, relatively
opaque and with a high albedo, especially when covered with snow, acts as a protective
filter reducing the UV-B radiation reaching organisms living beneath it to just a few percent
of that above the ice (Trodahl and Buckley, 1989; Perovich, 1993; Karentz et al., 2004;
Lister et al., 2010). Lesser et al. (2004) on the other hand demonstrated that sea ice can to
some extent transmit harmful UV-B. They found a twenty-fold increase in UV-B
transmission through the snow-free sea ice during the occurrence of the ozone hole, with
UV-B radiation penetrating sea ice at ecologically significant levels to depths of almost 7
meters. Large areas of McMurdo Sound are either snow-free or have little snow cover
during the period of ozone depletion (Lesser et al., 2004).

1.7.

Enzyme activity in cold

Antarctica provides a unique environment for organisms to efficiently live at temperatures
that are on the brink of, or below, the freezing point of water (Feller & Gerday, 2003).
Organisms have developed adaptations to sustain metabolic and growth rates compatible
with life in extreme environmental conditions (Feller & Gerday, 2003).

Molecular

adaptation has taken several forms, such as biochemical adjustments at the level of single
molecules, for example, enzyme kinetics, synthesis of specialized molecules, or in
regulations of supramolecular and subcellular systems (regulation of membrane fluidity, ion
channels, polymerization: depolymerisation of tubulins). Biochemical adjustments are also
possible at the level of whole organism physiology as well, such as biochemical pathways,
frost hardening and seasonal dormancy (Feller & Gerday, 1997).
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Low temperatures strongly inhibit chemical reaction rates; the high level of specific
activity at low temperatures of cold–adapted enzymes is a key adaptation to compensate for
the exponential decrease in chemical reaction rates (Struvay & Feller, 2012). A 10°C
reduction in temperature induces a two–to four-fold decrease in enzyme activity (The Q10
value). The cold also reduces diffusion rates of solute and water molecules, increases the
viscosity of water, decreases the solubility of salts and increases that of gases, along with
pH changes in biological buffers (significant increase with decreasing temperature); all of
which affect protein function (Marshall, 1997).
Adaptive strategies for functioning at low temperature vary among enzymes (Smalås et al.,
2000). However, the high catalytic efficiency at low temperature seems to be accompanied
by a reduced thermal stability in the majority of cold active enzymes. Increased molecular
flexibility allows for a low working temperature and is therefore still the most dominating
theory for cold adaptation, although there does seem to be other adaptive strategies (Smalås
et al., 2000; Feller & Gerday, 2003).
There appears to be no common structural features that can account for the low stability,
increased catalytic efficiency, and proposed molecular flexibility. Examination of the
structural features that are thought to be important for stability, such as intra-molecular
hydrogen bonds and ion-pairs, proline–, methionine–, glycine–, or arginine content, surface
hydrophilicity, helix stability and core packing, indicate that each cold adapted enzyme or
enzyme system gain increased molecular flexibility by using different small selections of
structural adjustments, that in turn give rise to increased catalytic efficiency and reduced
stability (Smalås et al., 2000). However, there does seem to be a clear association between
cold adaptation and a reduced number of interactions between structural domains or
subunits. Cold active enzymes also seem to increase their catalytic activity by enhancing the
electrostatics at and around the active site (Smalås et al., 2000; Struvay & Feller, 2012).
The adaptive strategy that is observed in natural cold environments seems to be a result of a
lack of selective pressure for stable proteins, in combination with a strong selection towards
highly active enzymes (Feller & Gerday, 2003).
Photolyase production is similarly affected in Sterechinus neumayeri, with slower
photolyase production rates than urchins in temperate or tropical regions (Isley et al., 2009).
Earlier work on Antarctic zooplankton by Malloy et al., (1997) also indicated that
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photoreactivation is slower at higher latitudes; suggesting a lack of cold adaptation in
photolyase (Elias et al., 2014).

1.8.

Marine organisms

Planktonic organisms, including the larval stages of many benthic marine invertebrates, are
exposed to harmful UV-B while in the upper water column. Ultraviolet radiation is directly
detrimental to biological systems by damaging photosensitive molecules such as DNA,
RNA, proteins and lipids, These molecules each absorb light differently and vary in
sensitivity to UV-R, with biological responses to UV exposure often far greater in the
shorter wavelengths. Exposure to UV-B causes direct protein damage by photochemical
degradation and damages DNA through the production of cyclobutane pyrimidine dimers
(CPD's) among other photoproducts (Campanale et al., 2011).
UV-A is less harmful to organisms at the same dose level as that of UV-B (Lu, 2005,
Madronich, 1998) and is often associated with photo-reactivation (Smith, 1989; Sancar,
2008). UV-A radiation is however, also implicated in causing photooxidative damage
through the production of reactive oxygen species (ROS) that rapidly oxidize nucleic acids,
proteins and lipids. ROS and their relationship with UV-R have been documented in sea
urchin larvae (Lesser et al., 2006; Lister et al., 2010). UV-induced damage to DNA, RNA
proteins and lipids can affect the development and survivorship of marine organisms as well
as reduce productivity of phytoplankton and zooplankton populations ultimately putting
pressure on aquatic ecosystems and trophic interactions (Campanale et al., 2011).
Planktonic larvae are especially vulnerable to damage by UV-B while developing: They can
be advected into the upper water column, although avoidance behaviour (i.e. diurnal
migration) has been observed (Pennington & Emlet, 1986; Bosch, 1987). Planktonic
organisms are able to protect against UV damage through synthesis of photo-protective
compounds such as mycosporine-like amino acids (MAAs), or repair the damage through
excision–or photo-repair (photolyases) (Lamare et al., 2006, Bonaventura, 2006).
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1.8.1.

Echinoderms

Echinodermata is one of the few animal phyla that are exclusively marine, with around
7,000 living species found from the shallow intertidal to the deep-sea (Uthicke et al., 2009).
The phylum consists of five recent classes: Asteroidea (sea stars), Crinoidea (feather stars),
Echinoidea (sea urchins), Holothuroidea (sea cucumbers), and Ophiuroidea (brittle stars)
(Uthicke et al., 2009). Commonly long-lived, echinoderms have complex lifecycles with
larvae in the water column for periods of days to several months (Bosch et al., 1987).
Consequently, the effects of UV- R on the population dynamics of organisms in this phylum
will affect marine communities and ecosystems (Uthicke et al., 2009; Lamare et al., 2011).
The distribution and abundance of echinoderms is linked to their environment, habitat
requirements, interactions with other organisms and impacts of human activities (Smale et
al. 2011). Echinoderms are ecologically significant within the benthic macrofauna from
tropical to polar regions, and as a result are often used as bio-indicator species; as proxies
for the effects of a range of environmental and anthropogenic factors on the marine
environment (Ringwood, 1992; Campanale et al., 2011). Exposure of echinoderms to UVR
has been shown to affect reproduction, development, mutation rates, mortality, and
behaviour, as well as initiating biochemical and physiological responses (Lamare et al.,
2011; Lamare et al., 2013). Echinoderms exhibit a number of UVR mediated responses
from molecular and physiological level, to developmental and behavioural adaptations
(Lamare et al., 2011; Tedetti & Sempéré, 2006). The early developmental stages are thought
to be the most vulnerable life cycle stages of aquatic organisms as they require a greater
number of cellular processes during a relatively short time period. Exposure of eggs and
early embryos of Echinoids to UV-R caused delayed completion of the first mitotic division
with embryos stalling at prophase (the most sensitive stage) in the cell cycle (Adams &
Shick, 1996; Campanale et al., 2011). Echinoderm larvae have been used extensively to
elucidate the effects of environmental factors such as temperature, oxidative stress,
chemical pollutants and UVR (Adams & Shick, 1996, 2001; Lesser et al., 2003; Lister et
al., 2010; Campanale et al., 2011).
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1.9.

Model organisms

1.9.1.

Polar species

Sterechinus neumayeri Meissner (Family: Echinidae) has a circum-Antarctic distribution
and is a numerically dominant benthic species found under ice and in open coastal areas of
Antarctica (Lesser et al., 2004). Environmental temperatures reach a minimum of –1.86°C
(Pörtner et al., 2007) for the species which is found to a depth of around 1,200 metres.
S. neumayeri is free-spawning, releasing gametes into the water column during the Austral
spring and summer (Bosch, 1987). Larvae only become competent, however, after 3– 4
months in the plankton, but may spend extended times (up to 11 months) before settlement
(Bosch, 1987) this is due to their slow metabolism in the cold Antarctic waters. S.
neumayeri is thought to be the most susceptible of the urchins studied to DNA damage as
the species evolved in the Antarctic low UV-R environment of the past, and are now
exposed annually to the ozone hole during the Austral spring.

1.9.2.

Temperate species

The endemic New Zealand sea urchin Evechinus chloroticus Valenciennes (Family:
Echinometridae) was used in temperate New Zealand experiments. E. chloroticus is
abundant in coastal waters and islands around New Zealand typically found from the
intertidal zone to a depth of 60 m. Broadcast spawning occurs in the Austral summer with
larvae remaining in the water column for 30– 60 days (Dix, 1970a; Dix, 1970b; Barker,
2007). The optimum temperature for early development of E. chloroticus larvae is between
15°C and 21°C (Delorme & Sewell, 2013).

1.10.

In Situ hybridization

In situ hybridization (ISH), also referred to a hybridization histochemistry, is a method of
localizing and detecting specific mRNA sequences in morphologically preserved
chromosomes, cells or tissue sections (Montgomery, 2002). The complementary strand of a
nucleotide probe is hybridized to the sequence of interest enabling the spatial pattern of
expression of a particular transcript (usually mRNA) to be identified within specific cell
types in specific regions (Wilkinson, 1999). Changes in expression throughout
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development, and through behavioural and/or environmental manipulations, can then be
observed (Montgomery, 2002). ISH provides a direct visualization of the spatial location of
specific gene activity at the DNA, mRNA, and protein level– crucial for the elucidation of
the organization and function of genes (Wilkinson, 1999).
The basic technique utilizes the fact that DNA and RNA will undergo hydrogen bonding to
complementary sequences of DNA or RNA. Any nucleic acid sequence can be specifically
detected by the use of a probe that is the ‘antisense’, or reverse, complementary sequence
i.e. identical to the bottom strand of genomic DNA, and therefore complementary to the
mRNA sequence (Wilkinson, 1999). By labelling sequences of DNA or RNA of sufficient
length (~50-300 base pairs), selective probes can be made to detect particular sequences of
DNA or RNA. The application of these probes to tissue sections allows DNA or RNA to be
localized within tissue regions and cell types. (Montgomery, 2002) ISH has become an
important tool in a number of fields for the diagnosis of chromosomal rearrangements,
detection of viral infections and the analysis of gene function during embryonic
development (Wilkinson, 1999).
Another form of ISH uses whole organisms (whole-mount in situ hybridization, WISH) to
analyse expression patterns. WISH is highly sensitive and the resolution of details is
unparalleled. Complex expression patterns in particular can only be analysed in whole
embryos since the reconstruction of a three-dimensional pattern from sections can be very
cumbersome (Tautz, 2000). The method has been adapted to embryos and tissues of
invertebrates and vertebrates and has become a general procedure in research laboratories
studying questions of embryology and developmental biology (Tautz, 2000). WISH has
been used previously to illustrate the developmental pattern of expression of Endo 16
transcripts in the sea urchin Strongylocentrotus purpuratus (Ransick, 1993).
Whole mount in situ hybridization was used in this study to visualize expression patterns of
photolyase in sea urchin larvae. ISH provides advantages over PCR, northern blot or
western blot techniques as it allows localization of expression within tissue, or a single
embryo or larvae thus allowing spatial patterns of expression to be observed (Montgomery,
2002).
It is already been shown that photolyase is expressed in sea urchin larvae when exposed to
increased levels of UV-B radiation (Isely et al., 2009, Lamare et al., 2006). This study aims
to develop WISH to examine if the expression is localised within certain areas, such as the
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stomach, if it is in every cell, or just certain cell types. I do this by using a novel in situ
hybridization method that uses whole larvae.

1.11.

Aims

1. To develop a protocol using whole mount in situ hybridization (WISH) to visualize DNA
repair in sea urchin larvae through the expression of the repair enzyme photolyase.
2. To use WISH to examine photolyase expression patterns in sea urchin larvae exposed to
ultraviolet radiation of different intensities and wavelengths both in the field and in the
laboratory.
3. To examine how patterns of photolyase expression vary as a function of column ozone
concentrations, depth, ice cover, length of exposure to UV-R of different intensities, and
recovery period in Antarctica.
4. To compare expression of photolyase in Antarctic urchin (Sterechinus neumayeri) larvae
to that of their temperate (Evechinus chloroticus) counterparts.
5. To relate DNA damage, in terms of CPD production, to photolyase expression.
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Chapter Two: Materials and Methods

2.1.

Antarctica

Experiments were carried out at Cape Armitage, McMurdo Sound, Antarctica 77.06° S,
164.42° E, under two metres of sea ice and in an area of open water. Snow was cleared from
the experimental area.

2.1.1.

Urchin collection, spawning and larval rearing

Ripe Sterechinus neumayeri urchins were collected from Cape Armitage and maintained in
flow through sea water tanks at -1.9°C. Sea urchins were injected with a 1– 2 mL
intercoelomic injection of 0.5 M KCl and inverted over a beaker of filtered sea-water
(FSW). Eggs from 6 females were mixed, diluted with FSW and fertilized with several
drops of diluted sperm from 2 males. Fertilization success was determined by the presence
of a fertilization envelope, and only egg batches with >95% fertilisation were used in
experiments. Larvae were maintained in 2 L buckets surrounded by flowing sea water at
-1.9°C at a density of 50 larvae/ mL. Water was changed daily until larvae were used in
UV-R experiments.

2.1.2.

Light data

Biospherical data were obtained from nearby McMurdo Station observations made at
Arrival Height of sun zenith angle, total ozone, PAR, UV-B, UV-A, and visible light. A
LiCor Li1800UW submersible spectro-radiometer (LiCor, USA) was cast at midday during
each day of the experiments for spectral attenuation. Casts consisted of measuring the
irradiance of PAR and UV at set depth intervals in the water column, averaged over three
scans at midday, in order to quantify the spectral attenuation.
Light intensity was continuously measured throughout both experiments via PAR sensors
(Odyssey, New Zealand). Sensors were deployed at 3 m and 6 m with the experimental
racks under the ice, on the surface of the ice, and 2 m above the surface to collect data on
total PAR (400 to 700 nm) every 5 min throughout the experimental period. Equations of
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spectral attenuation from LiCor casts were then used to calculate ultraviolet light intensity
at each depth over the experimental period using known PAR intensities.
Optical properties of the water column were quantified by calculation of bulk spectral
attenuation coefficients (Kd m-1) at each wavelength using the equation:
ID(λ) = I0 (λ)e kd

(1.)

where ID(λ) is the irradiance at wavelength (λ) at depth d, I0(λ) is the irradiance at
wavelength (λ) at the surface and k is the light extinction coefficient. For each scan, UV-B
(300–320 nm, W m-2), UV-A (320– 400 nm, W m-2) and PAR (400–750 nm, µmol quanta
m-2 s-1) were also calculated. The attenuation of UV-B, UV-A and PAR was then calculated
using Eq. 1. Ambient UV-B, UV-A and PAR (400–600 nm), as well as a spectral irradiance
(290–400 nm) over the in situ exposure periods were obtained from data collected by the
National

Science

Foundation

UVR

Monitoring

Program

using

a

SUV-100

spectroradiometer (Biospherical Instruments, San Diego). Surface spectral measurements
were converted to spectral irradiances at each experimental depth (0.5, 1.5 and 4 m) using
the bulk spectral attenuation coefficients (Kd m-1) measured for each wavelength (Lamare et
al., 2011).

2.1.3.

Field experiments

Larvae were aliquoted into 200 mL Nasco whirl-pak bags at a density of 50 larvae/ mL and
moored on racks at depths of 1 and 4 m. Each rack had one of the three light treatments:
UV-O (opaque to UV-R), UV-A (only UV-A and PAR), and UV-T (UV-A, UV-B, and
PAR). These three treatments were achieved using plexiglass filters with different optical
properties. The UVO filter transmits PAR (81.0%) UV-A (5.2%) and UV-B (0.0%); the
UV-B filter (UV-A treatment) transmits PAR (77.9%), UV-A (46.5%) and UV-B (0.1%);
and the UV-T filter transmits PAR (84.5%), UV-A (84.6%), and UV-B (80.6%). Each
light/depth treatment was replicated three times under the 2 m of sea ice at Cape Armitage,
as well as one of each light/depth treatment in the “open water”, which, owing to the
proximity of the actual ice edge, was a dive hole that was cleared daily of ice build-up. One
bag of larvae was deployed under each filter only due to space constraints with another
experiment running concurrently. Treatments were deployed in the field for four days in
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each of the experiments, the first experiment was from the 26– 30 October and the second
from 1– 5 November 2008.

Figure 2.1.: Transmission profiles of the light filters use to control exposure to UV
radiation. The UV-T treatment involved UV-transparent Plexiglas that transmitted PAR
(84.5%), UV-A (84.6%) and UV-B (80.6%); the UV-A treatment consisted of UVtransparent Plexiglas that transmitted PAR (77.9%) and UV-A (46.5%), but minimal UV-B
(0.1%); the controls (UV-O treatment) consisted of UV-opaque Plexiglas that transmitted
PAR (81.0%) but minimal UV-A (5.2%) and UV-B (0.0%, Lister et al., 2010).

Experimental racks were retrieved at the end of the experiments and the bags of larvae
placed immediately in dark, thermally insulated containers and transported to the laboratory.
Within 2 hours larvae were filtered while in a dark room under yellow lights, aliquoted into
microcentrifuge tubes and fixed (see 2.3.1.).
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2.1.4.

Laboratory exposure

Sterechinus neumayeri larvae reared for several weeks at Portobelle Marine Laboratory,
Dunedin, New Zealand, were exposed under the same treatment filters used in 2.2.2. (UVO, UV-A, UV-T). Exposure was for 1 hour under two FS20 lamps (General Electric, USA).
Total UV-A and UV-B radiation dose (measured using a LiCor Li-1800UW
spectroradiometer) was 1810 and 1472 J m−2, respectively. All bulbs had been pre-burned
for at least 100 h to ensure a stable output of UV-A (320 to 400 nm) and UV-B (300 to 320
nm) of 0.502 and 0.408 W m−2s−1, respectively. Larvae were then either frozen at –80°C for
DNA, or fixed immediately for photolyase (1 h) as in 2.2.4. or left to photorepair and
removed at 4 (4 h) and 8 hours (8 h) post start of exposure before fixing.

2.2.

Leigh, New Zealand

2.2.1.

Collection

Around 15 Evechinus chloroticus (Kina) were collected around Leigh, North Auckland,
New Zealand, and spawned in vitro with 1– 2 mL of 0.5 M KCl. The eggs of five females
were pooled, diluted, and fertilised with the sperm of three males. Fertilization was
observed at >95%. Embryos were washed several times with partial FSW (100 μm) changes
and left over night.

2.2.2.

Field experiment

Larvae were washed and diluted to a density of 35 larvae/ mL and 1 L aliquots were
measured into NASCO whirlpak bags. Four replicate bags were placed under each filter
treatment, UV-O, UV-A and UV-T (as in 2.1.3.), at depths of 0.5 m, 2.0 m and 3.5 m in an
area sustaining an adult population of E. chloroticus off the Leigh Marine Laboratory.
Racks were deployed at 12 pm Tuesday 24 November in Matheson Bay, Leigh, Northland,
New Zealand (36.3048° S, 174.7977° E).
Racks were retrieved 2:30 pm Wednesday 25 November and immediately placed in dark,
thermally insulated containers until transported to the laboratory for processing. Larvae
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were then filtered and aliquoted into 5 microcentrifuge tubes, with two immediately frozen
at -80°C for conservation of DNA (CPD analysis), two fixed for RNA preservation
(photolyase) and the final aliquot counted for abnormalities.

2.2.3.

Ultraviolet radiation

Visible light (PAR, 400- 700nm) was measured using Odyssey light meters at 0.5, 2.0 and
3.5 m. Light levels, and attenuation through the water column, from 300– 750 nm was also
measured continuously throughout the experiments using a Licor spectroradiometer
positioned at the sea surface and programmed to read every 6 min. Ultraviolet radiation data
(erythemally-weighted, 280 to 400 nm, W m-2) were obtained from NIWA National Climate
Database (Station: Leigh 2, agent number: 1340, network number: A64282, Lat.: 36.273,
Long.: 174.796).

2.3.

Fixation

2.3.1.

Fixation for photolyase

Larvae were filtered onto a 50 μm screen and transferred into 1.5 mL microcentrifuge tubes.
All water was then removed by pipette from around larvae and 1 mL of fixative (4%
formaldehyde, 0.1 M MOPS (pH 7), 0.5 M NaCl, in DEPC water) was added to each tube
and left for 1– 2 h. Fixative was then removed and larvae washed 4 times in a MOPS buffer
(0.1 M MOPS (pH 7), 0.5 M NaCl, 0.1% Tween-20, CaCO3 (to saturate) in DEPC water).
After the last wash larvae were rinsed once in 70% ethanol, and finally stored in 70%
ethanol at –20°C. Calcium carbonate powder (to saturate) was added to the fixative for
Evechinus chloroticus experiments and the Sterechinus neumayeri laboratory experiment to
try and stop the skeletal structure disolving.
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2.3.2.

Preservation of DNA

To preserve DNA for ELISA assays larvae were filtered onto a 50 μm screen and
transferred into 1.5 mL microcentrifuge tubes. All water was removed and tubes were
frozen at -80°C until extraction.
2.4.

Biochemical assays

2.4.1.

Molecular probes

Single-strand RNA probes of ~ 300 bp were used in this study. Sequencing was carried out
by Isely et al., (2009). Photolyase probe sequqnces used were: forward 5¢-CAC AGG TTG
TAC TTC TTG TAC CGG TTG-3¢ and reverse 5¢-GGT TCG TGA GGG TAA GAT GCA
TGG-3¢.The probe sequence was cloned into a plasmid vector so that it was flanked by two
different RNA polymerase initiation sites. Probes were synthesised using the RNA
polymerases SP6 and T7 to transcribe sequences downstream of the polymerase initiation
site within a plasmid containing the relevant sequences. This enabled sense (control) and
anti-sense (probe) RNA to be synthesised by transcription in the same or opposite direction
from the endogenous gene, respectively.
Sterechinus neumayeri (S4) and Pseudechinus huttoni (P3) photolyase inserts were
linearized with appropriate buffers for anti-sense (20 µl S4 or P3, 3 µl ‘B’ buffer, 2 µl Xho I
restriction enzyme and 5 µl sterile water) and sense (20 µl S4 or P3, 3 µl ‘H’ buffer, 2 µl
Hind III restriction enzyme and 5 µl sterile water) at 37°C over night. Restriction enzymes
were used so that the plasmid sequences were not transcribed (due to their high background
levels). A sample of 2 µl of the digestion product was then run on an SB agarose gel for 40
min at 90 V, 400 mA with ethidium bromide to confirm that digestion was complete. An
aliquot of 2.5 times the sample volume of 100% ethanol and 1/10 volume of 3 M NaAc was
then added to digestion product and placed at -80°C for 30 min before centrifuging at 4°C
for 40 min at 17 000 g. Ethanol was removed from around pellet before washing in 70%
ethanol and freezing at –20°C for 15 min. Product was then centrifuged at 4°C for 15 min at
17 000 g before all ethanol was removed and pellet air dried. The pellet was then resuspended in 20 µl DEPC-treated water.
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2.4.2.

Labelling assay

Labelling of the RNA was performed according to manufacturer’s protocol (Roche, DIG
RNA Labelling Mix). Briefly, 1 µg linearized plasmid DNA was added to a microfuge tube
on ice, and then DIG RNA labelling mix (10×), transcription buffer (10×), RNA polymerase
(either SP6 and T7) were added and mixed, centrifuged briefly and then incubated for 2h at
37°C. DNase 1 RNase-free (2 µl) was then added to remove template DNA and incubated at
37°C for 15 min. The reaction was stopped by addition of 1 µl 0.2 M EDTA (pH 8). A
sample of 1 µl of each RNA and DNA were run on a gel for 45 min at 90 V, 400 mA with
ethidium bromide to confirm the presence of RNA.

2.4.3.

Precipitation

Precipitation of probe was carried out by adding 1/20 volume of 5M NH4COOH and 1
volume ice cold isopropanol to probes before freezing at –80°C for 1 h. Probes were then
spun at 4°C, 17 000 g for 30 min and washed twice in 70% ethanol before centrifuging for 5
min at 4°C, 17 000 g. The pellet was then air dried carefully before re-suspension in 50 µl
hybridization buffer and 1 µl Protector RNase inhibitor added. Probes were stored at –80°C
until use.

2.4.4.

In situ hybridization

Ethanol was removed and 400 µl hybridization buffer (50% deionised formamide, 4× SSC,
1× Denhardts, 250 µg/ml tRNA, 250 µg/ml boiled ssDNA, 50 µg/ml heparin, 0.1% Tween
20, 5% dextran sulfate, 0.5 M NaCl) added to each tube and incubated 1 h at 52°C. Sense
and anti-sense probes were digested by adding a carbonate buffer (0.2 M Na2CO3, 0.2 M
NaHCO3, DEPC H2O) to the probes at a ratio of 1:1 and incubated 20- 30 minutes at 60°C.
For every 1 µl of probe 100 µl hybridization buffer was added, aliquots of 100 µl were then
added to each tube and incubated overnight at 52°C. Hybridization buffer was removed and
replaced with wash buffer in a series of 5, 10, 15, 30, and two 60 min incubations at 52°C,
and left overnight in wash buffer at 52°C. Larvae were rinsed three times in PTw (PBS,
0.1% Tween 20, 0.5 M NaCl) before incubating in PBTw (PTw, BSA) for 30 min (RT). The
PBTw was then replaced with PBTw + 1/500 anti-DIG-AP antibody and incubated
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overnight. (RT). Larvae were rinsed three times in PTw, and then washed 5, 10, 15, 30 and
60 min in PTw. Two 5 min washes in fresh AP buffer were carried out before staining. Stain
was made by adding 4.5 µl NBT and 3.5 µl BCIP to every 1 ml of AP buffer, with 1 mL
added to each tube. Stain was left for up to 1 h, and when larvae appeared dark blue (45
min) stain was removed and larvae rinsed 3 times in PTw. Embryos were stored in 70%
glycerol at 4°C in the darkuntil photographed. Photolyase expression was quantified as
percent of cells expressing. Embryos were scored on a scale of 1 to 5, with 1 being 0-20%
and 5 80-100% of cells expressing photolyase.

2.4.5.

Enzyme linked immunosorbant assay (ELISA)

DNA was extracted from samples that were frozen at -80°C using commercially available
Biolinetm extraction kits. Briefly, 400 µl lysis buffer and 25 µl proteinase K were added to
each sample and incubated at 50°C for 1 h, vortexing intermittently. Tubes were then
centrifuged at 10 000 g for 30 s and the supernatant transferred to a second microcentrifuge
tube. An aliquot of 200 µl of binding buffer was added and vortexed for 15 sec. Samples
were then placed in spin columns over collection tubes and centrifuged at 10 000 g for 2
min. Collection tubes were then replaced, 700 µl wash buffer added to each spin column
and centrifuged again for 1 min at 10 000 g. The filtrate was discarded and wash step
repeated. Filtrate was again discarded before spinning at 17 000 g for 2 min to dry the
column. The spin columns were then transferred to elution tubes and 200 µl elution buffer
was added directly onto the membrane of each spin column and incubated at room
temperature for 1 min. Tubes were then centrifuged at 6 000 g for 1 min to elute DNA.
DNA was stored at –20°C until use. The concentration of DNA in each sample was
determined using a QubitTM spectrophotometer (Quiagen, USA).
Ninety-six well polyvinylchloride flat-bottom microtiter plates (Thermo Labsystems,
No.2801, Franklin, MA) were coated with 50 µl 0.003% protamine sulfate solution and
incubated over night at 37˚C. The dried plates were then washed three times with 100 µl
double distilled water (ddH2O), dried and then stored in the dark until use. To bind DNA
samples and standards to the plates, each was diluted to 200 ng/ mL concentration in 200 µl
PBS (10 mM, pH 7.4, NaH2PO4-H2O, Na2HPO4, NaCl).

38

DNA was denatured by heating at 100˚C for 10 min followed by rapid cooling in an ice
bath. A sample of 50 µl of denatured DNA was added to each well with 3 replicate wells per
sample/standard and dried over night at 37˚C. DNA coated plates were washed five times
with 100 µl PBS-T (10 mM PBS, Tween-20)/well before 150 µl of 1% trim milk powder in
PBS-T was added to each well (to prevent non-specific antibody binding) and incubated for
30 min at 37˚C. Plates were then washed five times with 100 µl PBS-T/well. A diluted
sample of 100 µl of monoclonal antibody (TDM-2, 1:1000) was distributed to each well and
incubated for 30 min at 37˚C, then washed five times with 100 µl PBS-T/well before adding
100 µl of 0.002% biotin-F(ab’)2 goat anti-mouse IgG (H+L) (Zymed Laboratories, San
Francisco, CA, USA) to each well and incubated a further 30 min. Wells were washed five
times with 100 µl of PBS-T before distributing 100 µl of peroxidase-streptavidin (1:10,000,
Zymed, CA, 43-4323) into each well and incubating for 30 min at 37˚C. Plates were again
washed five times with 100 µl PBS-T/well before one wash in 150 µl/ well of citratephosphate buffer (pH 5.0). Buffer solution was left in the plate until the next substrate was
ready. Citrate-phosphate buffer (pH 5.0, citrate acid monohydrate, Na2HPO4) was removed
and 100 µl/ well ABTS solution (ABTS, H2O2 (35%), Citrate-phosphate buffer (pH 5.0))
was added and plates incubated 37˚C. Absorbance was read in a spectrophotomic
platereader (Bioteck Industries, Ltd.) at 405 nm after 5 min. DNA damage was expressed in
CPDs/ mb DNA. DNA from he CPD assay is a relative measurement of DNA damage based
on the optical density of the ELISA assay normalized to a specific concentration of DNA
and expressed as OD490 100 ng DNA− 1. All measurements were corrected for background
level of color using appropriate controls (e.g., no primary antibody) for the ELISA.

2.4.6.

Photography of Stained Embroys

Photos of embryos and larvae were taken using GenAl IS software at 20× or 40×
magnification using a compound microscope.

2.4.7.

Statistical analyses

Statistically significant differences in photolyase expression, CPD concentrations and
abnormal development rates in embryos from in situ experiments were tested among
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experiments (26– 30 October, 1– 5 November), locations (open water or under the sea ice),
depths (1 and 4 m), UV treatments (UV-O, UV-A and UV-T) as well as any interactions,
using general linear model analysis of variance (GLM ANOVA). All analyses were carried
out using NCSS statistical software (Utah, USA).
All CPD concentrations were LN(x+1) transformed to achieve normality for statistical
analysis, while percentage abnormalities were LOG transformed prior to analyses. Post-hoc
tests of differences among treatments were made with Tukey’s HSD test. Raw absorbance
for CPD analyses were normalised to zero joules (0 j) to account for any background noise
before statistical tests were performed. All data transformed for normality were backtransformed for presentation of results.
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Chapter Three: Results

3.1.

Antarctica, Sterechinus neumayeri

3.1.1.

Ozone

During the period of experiments ozone levels over McMurdo Sound ranged from 312 to
233 DU (average of 283 DU) for the first experiment (26– 30 October, 2008), but declined
significantly when the ozone hole moved directly over the study site in the second
experiment (1– 5 November, 2008) to only 269– 166 DU (average of 210 DU, Figure 3.1).

26 October 2008

3 November 2008

●

●

Mean ozone (DU)
26 - 30 Oct (283 DU)

1 - 5 Nov (210 DU)

Figure 3.1.: The annual ozone hole over the study site (white circle, approximately), Cape
Armitage, Antarctica 2008. The first experiment (left) was carried out under ‘normal’ ozone
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conditions from the 26-30 October with an average of 283 DU. During the second
experiment the ozone hole was directly over the study site (right) exposing urchins to higher
ultraviolet radiation, especially UV-B.

3.1.2.

Spectral radiation

Concurrent with the decline in stratospheric ozone during the second experiment, maximum
ultraviolet-B radiation (UV-B, 290– 320 nm, W m-2 s-1), increased 1.7-fold from 1.05 to
1.80 W m-2 s-1. Total UV-B dose increased 1.6-fold (128.06 to 208.81 kJm-2) and the ratio of
UV-B to visible light (PAR, 400– 600 nm) doubled from 0.01 to 0.02 W m-2 s-1. Total doses
of ultraviolet-A radiation (UV-A, 320– 400 nm) and PAR remained relatively unchanged
between experiments with UV-A, used for photo-reactivation and repair, disproportionally
increasing only 1.18-fold (4142.70 to 4908.60 kJ m-2, Table 3.1.).
In the open water the radiation levels at 1 m were 24.8% of surface UV-B, 28.4% of surface
UV-A and 27% of surface PAR. At 4 m these levels decreased to 2.4% of surface UV-B,
4.7% of surface UV-A and 5% of surface PAR. The extinction coefficients, Kd m-1, was
1.14 m-1 for UV-B, 0.84 m-1for UV-A and 0.73 m-1 for PAR.

Table 3.1. A. Stratospheric ozone concentrations (A) from 26 to 30 October (experiment 1),
and 1 to 5 November (experiment 2) during the spring of 2008 over McMurdo Sound
(77°51.618'S,

166°40.660'E),

Cape

Armitage,

Antarctica.

Ozone

levels

dropped

significantly during the second experiment when the ozone hole was positioned over the
study site (210 DU) as opposed to the first week when the ozone hole tended to the South of
the study site (283 DU). B. Light levels during experiments.
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Stratospheric ozone concentrations
Min ozone (DU)
Mean ozone (DU)
233
283
166
210

A.
Max ozone (DU)
26 - 30 Oct
312
1 - 5 Nov
269
DU, Dobson units
B.
Max. irradiance
(W m-2 /s -1 )
26 - 30 Oct

1 – 5 Nov

Surface irradiances
Mean daily dose
Total dose
(kJ m-2 )

(kJ m-2 )
26 - 30 Oct

1 – 5 Nov

26 - 30 Oct

1 – 5 Nov

1.05
128.07
UV-B
1.8
34.15
54.52
208.81
32.81
4142.7
UV-A
32.89
1104.72
1281.62
4908.6
194.19
20019.45
VIS
159.71
5338.52
5998.19
22973.09
0.01
UVB:PAR
0.02
UV-A, ultraviolet-A radiation (320-400 nm); UV-B, ultraviolet-B radiation (290-320 nm); VIS, visible light
(400-600 nm); UV-B: PAR, ratio of ultraviolet-B radiation to visible light.

3.1.3.

Photolyase expression

Cells expressing photolyase appeared as dark blotches on the larvae (Fig. 3.2.) and only
those larvae incubated with the anti-sense probe were positive for photolyase. Sense
incubated larvae showed no or very little (<5%) expression. Several other marine planktonic
organisms found within samples also expressed photolyase (see Fig. 4.3) when incubated
with anti-sense probes.

AR
SM

PM

BL
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Figure 3.2.: Sterechinus neumayeri larvae exposed to full UV (UV-T) at 1m depth under the
sea ice at Cape Armitage, Antarctica 2008 during the second experiment (1- 5 November)
while the ozone hole was positioned over the study site. Dark purple areas indicate
expression of the DNA repair enzyme photolyase through whole-mount in situ hybridization
(WISH). AR: archenteron, PM: primary mesenchyme cells; SM: secondary mesenchyme
cells; BL: basal lamina. Scale bar is 100 µm.

3.1.4.

Photolyase expression during exposure in the field

Expression was visibly higher in the second experiment when the level of ozone declined
(Table 3.1.) minimum ozone from 233 DU to 166 DU). Expression, as a percentage of cells
expressing photolyase per larvae, was significantly different between experiments (F1,2 =
107.52, p = <0.001).

Figure 3.3.: Average (± s.e.m.) percent of S. neumayeri larval cells expressing photolyase
under three UV radiation treatments between the two experiments. Experiment one was
from the 26th to the 30th October, and experiment two was from 1– 5 November 2008. UV
treatments were: UV-O (PAR only, 400– 700 nm), UV-A (UV-A and PAR, 320– 700 nm)
and UV transparent (UV-T: UV-B, UV-A and PAR, 280– 700 nm). Columns within graphs
that do not share a letter are significantly different.
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There was no significant difference in photolyase expression between larvae deployed under
the UV-O filter between experiments (Fig. 3.3., F1,2 = 1.87, p = 0.173) when data were
pooled within UV-treatments. Larvae exposed under both the UV-A and UV-T treatments,
however, did show a marked increase in the second experiment with UV-A mean percent
expression increasing 1.7-fold from 3.765 to 6.457 (n = 55, 62 respectively, F1,2 = 36.27, p
= <0.001) and UV-T mean percent expression increased 5-fold from 4.409 to 32.847 (n =
90, 47, F1,2 = 563.54, p = <0.001).

3.1.5.

Sea Ice cover

The presence of sea ice helped to mitigate some, but not all, of the effects of increased UVB. Expression was notably higher in the open water (Fig. 3.4.) especially under UV-T and,
to a lesser extent, UV-A treatments.

High ozone
Percent photolyase
expression (± s.e.m.)

50

A

Low ozone
50

UV-O
UV-A
UV-T

40
30

40
30

20
10

C

B

20
AB

C

C

0
Open water

B

A

C

AB

10
0

Sea Ice

D
A
Open water

B
A
Sea Ice

Figure 3.4.: Average (± s.e.m.) percent of S. neumayeri larval cells expressing photolyase in
the open water or under the sea ice. Embryos were exposed to natural irradiation under
three different UV radiation filters over two consecutive four day experiments. A.
Experiment one was from the 26– 30 October, and B. experiment two was from 1– 5
November 2008. UV treatments were: UV-O (PAR only, 400– 700 nm), UV-A (UV-A and
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PAR, 320– 700 nm) and UV transparent (UV-T: UV-B, UV-A and PAR, 280– 700 nm).
Columns within graphs that do not share a letter are significantly different.

In experiment one for larvae exposed at 1 m, UV-O (control) treated larvae expressed very
little photolyase with no significant difference between sea ice cover and open water
conditions (Fig. 3.4., mean expression open water 0.688 to 0.114 under the sea ice
respectively; t2 = -0.577, p = >0.99). Significant differences were, however, found between
open water and sea ice locations within UV-A and UV-T treatments (95% confidence
interval). UV-A larvae declined from an average of 6.686 percent expression to 3.292 (t2 = 3.089, p = 0.033) and UV-T larvae from 8.109 to 4.3750 percent (t2 = -3.58, p = 0.008).
In experiment two, one m depth, the differences were: UV-O mean expression open water
0.571 to 0.707 percent under the sea ice, t2 = 1.000, P = 0.108). UV-A larvae declined from
an average of 11.45 percent expression to 6.033 (t2 = -2.643, p = 0.099) and UV-T larvae
almost halved expression from 61.531 to 33.906 percent (t2 = -13.30, p = <0.001).

26- 30 October

1- 5 November

26- 30 October

1- 5 November

Open
water

Sea Ice

UV-O

UV-T

Figure 3.5.: Photolyase expression in Sterechinus neumayeri embryos exposed at 1 m depth
either under the sea ice (SI, photos: C., D., G., & H.), or in the open water (OW, photos: A.,
B., E. & F.) at Cape Armitage, Antarctica. Larvae shown here were exposed to either visible
light only (UV-O, 400– 700 nm, photos: A., B., C. & D) or full UV (UV-T, 280– 700 nm,
46

photos: E., F., G. & H.) during experiment one (photos: A., C., E. & G.) from 26- 30
October and experiment two (photos: B., D., F. & H.) from 1– 5 November 2008. (Scale bar
50 μm).

3.1.6.

Depth

Levels of photolyase expression were higher at 1 m than at 4 m (Fig. 3.6.) for UV-T (F2,24 =
156.47, P = <0.001) and UV-A treatments (F2,24 = 43.49, P = <0.001), with no significant
change for UV-O (F2,24 = 0.79, P = 0.377).
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Percent photolyase expression (± s.e.m.)

60

Low ozone

B

A
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Depth

B

B
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Figure 3.6.: Average (± s.e.m.) photolyase expression (percentage of cells expressing
photolyase) at 1 and 4 metres depth in larvae exposed in the open water (Figures A., C.) and
under the sea ice (Figures B., D.) during high ozone conditions (experiment one, 26– 30
October, Figures A., B.) when the ozone hole tended to the South of the study site, and low
ozone (experiment two, 1– 5 November 2008, Figures C., D.) while the ozone hole was
positioned directly overhead. UV-O: visible light (PAR) 400– 700 nm, UV-A: UV-A and
PAR only 320– 700 nm, and UV-T: UV-B, UV-A and PAR, 280– 700 nm. Columns within
graphs that do not share a letter are significantly different.
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3.1.7.

Development stage

Expression patterns varied throughout development, with more specific areas exhibiting
higher photolyase levels as larvae developed. High levels of photolyase were apparent in
the archenteron, primary and secondary mesenchyme cells, of the gastrula stages, as well as
in the basal lamina (Fig. 3.7.: B., C.). Pre-gastrulation larvae had seemingly randomized
expression (Fig. 3.7.: A.). Older pluteus larvae showed increased expression around the
mouth, coelomic pouch, stomach and intestine, as well as all along the ectoderm (Fig. 3.7.:
D.)

Figure 3.7.: Localization of photolyase expression in the Antarctic sea urchin Sterechinus
neumayeri at different developmental stages. A. Embryo stage where expression appeared
random. B. Start of gastrulation, where photolyase appears concentrated around vegetal
plate and primary mesenchyme cells (PMCs) and at the base of columnar cells. C. Late
gastrula larvae exhibited expression localised to the archenteron, primary and secondary
mesenchyme cells D. four-arm pluteus larvae. Larvae in A., B. and C. were obtained from
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field exposure to full UV at Cape Armitage, Antarctica. Larva in D. was exposed to
ultraviolet B in a laboratory set up (Scale bars are 50 μm).

3.1.8.

Developmental abnormality

Sterechinus neumayeri larvae showed increased abnormal development when held under
full spectrum ultraviolet radiation (UV-T, 280 nm to 320 nm) in the open water, compared
to those protected from UV-B (UV-A, 320 nm to 400 nm) and UV-B + UV-A (UV-O, 400
nm to 700 nm).
There were significant differences in abnormalities in the open water treatments
between experiments (high versus low ozone, ANOVA F1,12 = 5.84, p = 0.046). The sea

ice, however, appeared to provide protection against increased UV-B with no

significant difference between experiments deployed beneath it (ANOVA, F1,12 = 0.30, p

= 0.599). Abnormalities were significantly lower under the sea ice than in the open

Embryo abnormality

water (ANOVA, F1,1 = 5.10, p = 0.037).

Open water

Sea ice

49

Figure 3.8.: Proportion of abnormal development in larvae held at a depth of one meter in
the open water (A.) or under the sea ice (B.) under treatment filters UV-O (PAR only), UVA (UV-A and PAR) or UV transparent (UV-T: UV-B, UV-A and PAR). Two replicate
experiments were carried out. The first, from 26– 30 October (grey bars) when ozone levels
were high between 233 and 312 DU, and experiment two from 1– 5 November, when the
ozone hole was positioned over the study site (black bars, 168-269 DU). Graphs C. and D.
represent abnormality in larvae held at four meters depth in the open water and under the
sea ice respectively. Columns that share a letter within graphs are not significantly different
(P ≤ 0.05).

Tukey’s simultaneous t- tests show a significant difference in abnormalities for larvae
treated under UV-A and UV-T filters in the open water. Control larvae (UV-O) were
significantly lower than UV-A and UV-T, (t2 = -16.49, p = <0.001) but not between depths
within the treatment (t2 = 0.555, p = >0.99). UV-A and UV-T treatments were significantly
different (P= 0.0000) with the exception of UV-T, 4 m and UV-A, 1 m (t2 = 0.19, p =
>0.99).
Under the sea ice, all UV treatments were significantly different from one another (UV-T to
UV-A: t2 = -8.900, p = <0.001, UV-T to UV-O: t2 = -21.79, p = <0.001, and UV-A to UVO: t = -16.49, p = <0.001). As with larvae in the open water all depths within and between
treatments were significantly different with the exception of shallow UV-A (1 m) and the
deeper UV-T treatment (4 m, t2 = -0.10, p = >0.99).

3.1.9.

Photolyase expression and DNA damage

Photolyase levels appeared greatest immediately after exposure to UV-B + PAR for 1 h,
decreasing slightly in the following hours (4 & 8 h). DNA damage (CPDs/ Mb DNA) was
highest immediately after exposure in the full UV (UV-T) with 6.4 CPDs/ Mb DNA,
decreasing in concentration at 4 h (5.9 CPDs/ Mb DNA) and 8 h (5.6 CPDs/ Mb DNA)
although this was not significant (ANOVA, F2,4 = 0.96, p = 0.436).
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Figure 3.9.: DNA damage (CPDs mb/ DNA) in Sterechinus neumayeri exposed for one hour
of full ultraviolet light (UV-B, UV-A) + PAR under specific filters. UV-O (PAR only,
opaque to UV), UV-A (UV-A and PAR wavelengths only) and UV-T (transparent to UV-B,
UV-A and PAR). Aliquots of larvae from each treatment were fixed immediately (1 h) with
the remainder left to photo-repair for 4 h or 8 h.

There was a significant difference in CPDs between UV treatments (UV-O, UV-A, UV-T,
F2,2 = 965.50, p = >0.001) but not for time since exposure (1, 4, 8 h) within groups at a 95%
confidence interval (Fig. 3.9.); UV-O: F2,4 = 5.00, p = 0.053, UV-A: F2,4 = 2.63, p = 0.151,
UV-T: F2,4 = 0.96, p = 0.43575.
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Figure 3.10.: Expression of photolyase in S. neumayeri larvae exposed for 1 h under either
A. UV-O (no UV, PAR only), B. UV-A (UV-A and PAR only) and C. UV-T (UV-B, UV-A
and PAR) filters. Larvae were fixed immediately after exposure (1 hour), or left to repair for
four (4 h) or eight (8 h) hours. Insets show a representative photo of larvae at 4 h, scale bar
is 100 μm. Expression was quantified by scoring larvae from 1 to 5 with one representing
0% of cells expressing photolyase and five 100%.
Photolyase expression was significantly different between UV treatments (Fig. 3.10. F2,2 =
41.92, p = <0.001) as well as between hours within the UV-A (ANOVA F2,4 = 8.18, p =
<0.001,) and UV-T (F2,4 = 4.10, p = 0.024) treatments. UV-O treated larvae were not
significantly different over the hours of repair (F2,4 = 0.86, p = 0.43132,).
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3.2.

New Zealand, Evechinus chloroticus

3.2.1.

Spectral radiation

Levels of ultraviolet-B radiation at Matheson Bay, Leigh, Auckland were an average of 9.22
kJ m-2 per hour at the surface, halving at 1 m depth to only 4.61 kJ m-2. At 5 m only 0.54 kJ
m-2 UV-B (5.8% of surface UV-B) remained. UV-A hourly dose (kJ m-2) declined 67.47%
at 1 m depth from 170.3 to 114.9 kJ m-2, at 5 m only 24. 43% of surface UV-A remained
(Table 3.2).

Table 3.2. Mean daily dose and one hour dose of ultraviolet radiation received during
experiments at Leigh, Auckland, New Zealand from LiCor Li1800UW submersible
spectroradiometer with readings taken every hour from 300 to 700 nm every 2 nm.
Mean Daily Dose
(W mˉ² sˉ¹)

Surface
1m
5m

One Houre Dose
(kJ mˉ²)

UVB

UVA

UVR

VIS

UVB

UVA

UVR

2.56

47.31

49.87

450.18

9.22

170.3

179.5

1.28

31.92

33.2

299.05

4.61

114.9

119.5

0.014

11.57

11.72

150.6

0.538

41.6

42.2

Mean daily dose (W m-2 sˉ1) of UV-B was 50% of surface radiation at 1 m, and only 0.55%
at 5 m. UV-A radiation at 1 m was 67.6% of surface UV-A, with 24.5% of surface UV-A at
5 m. Visible light (PAR) was 66% and 33% of surface PAR at 1 and 5 m, respectively
(Table 3.2., Fig. 3.11.).
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24-Nov

25-Nov

26-Nov

Figure 3.11.: Visible light (PAR, 400-700 nm in Quanta, μmol/ m-2) at the surface, 0.5 m,
2.0 m and 3.5 m from November 24th

to 26th

during field exposure of Evechinus

chloroticus larvae. Experiments were carried out in Matheson Bay, Leigh, New Zealand.
PAR measurements recorded using Odyssey submersible PAR loggers moored at each
depth.

3.2.2.

Photolyase expression

Photolyase expression in Evechinus chloroticus was evident in shallower treatments held
under UV-T filters, with a high proportion of larvae exhibiting dark stained areas. There
was no significant difference between UV-O, UV-A and the deepest (3.5 m) UV-T
treatment (Table 3.3.). UV-T was significantly different from all other treatments and
depths at 0.5 (M = 2.302, n = 53) and 2.0 m (M = 2.152, n = 33). At 3.5 m there was no
significant difference between UV- treatments (p = >0.99, Table 3.3.).
UV-T larvae exhibited a gradient of expression (Fig. 3.12.), highest in the shallowest depth,
decreasing to a very low level at 3.5 m which was not significantly different from larvae
held under UV-O and UV-A filters at all depths (t2 = 0.051, p = -3.09).
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Figure 3.12.: Photolyase expression in Evechinus chloroticus larvae exposed to ambient UV
radiation at depths of 0.5, 2.0 and 3.5 meters under UV-O (no UV, PAR only), UV-A (UVA and PAR) and UV-B (UV-B, UV-A and PAR) filters. Experiments were carried out at
Matheson’s Bay, Leigh, New Zealand. Inset pictures are top to bottom: UV-T 0.5 m, UV-T
2.0 m, and UV-T 3.5 m, respectively. Scale bar is 50 μm.

Photolyase was expressed randomly in embryos (Fig. 3.13. A.) with patterns emerging with
the development of the gut and larval arms. Expression of photolyase was higher in the
archenteron, primary- and secondary mesenchyme cells, as well as in the basal lamina (see
Fig. 3.2.).
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Figure 3.13.: Photolyase expression by development stage. Patterns in Evechinus
chloroticus larvae exposed to ambient UV-radiation at Matheson Bay, Leigh, Auckland. A.
embryo, B. gastrula, C. early 2-arm pluteus and D. late 2-arm pluteus larvae. Scale bar is 50
µm.

Table 3.3. t - values (t) from Tukey’s simultaneous tests for photolyase expression in E.
chloroticus larvae between UV-radiation treatments UV-O (PAR only), UV-A (UV-A and
PAR) and UV-B (UV-B, UV-A and PAR) and depths (0.5 m, 2.0 m and 3.5 m). Grey boxes
denote significantly different means at a 95% confidence interval (p - values).

0.5 m
UV-O

2.0 m
3.5 m
0.5 m

UV-A

2.0 m
3.5 m
0.5 m

UV-T

2.0 m
3.5 m

Depth
UV-treatment

t
p
t
p
t
p
t
p
t
p
t
p
t
p
t
p

-0.504
0.999
-0.054
1.000
0.018
1.000
-0.326
1.000
-0.497
0.999
5.277
0.000
4.318
0.000
1.000
0.971
0.5 m

0.513
0.999
0.661
0.999
0.260
1.000
0.000
1.000
6.302
0.000
5.190
0.000
1.682
0.758
2.0 m
UV-O

0.093
1.000
-0.317
1.000
-0.504
0.999
6.433
0.000
5.138
0.000
1.310
0.928
3.5 m

-0.482
0.999
-0.647
0.999
7.841
0.000
5.995
0.000
1.384
0.904
0.5 m

-0.255
1.000
7.547
0.000
5.956
0.000
1.664
0.768
2.0 m
UV-A

6.168
0.000
5.094
0.000
1.659
0.772
3.5 m

-0.896
9.993
-4.002
0.002
0.5 m

-3.095
0.051
2.0 m
UV-T

3.5 m
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3.2.3.

DNA damage

Two-way ANOVA showed a significant difference among UV-O and UV-A and UV-T
treatments (ANOVA, F2,1 = 14.56, p = <0.001) but no significant difference among depths
within treatments at a 95% confidence interval (F2,4 = 1.13, p = 0.345). Tukey’s
simultaneous tests between UV treatments, pooled across depths, revealed no significant
difference in CPDs/ Mb DNA between UV-A and UV-T treatments (t2 = -0.823, p= 0.694),
UV-O was, however, significantly lower than both UV-A and UV-T treatments (t2 = 5.030,
p = <0.001, and t2 = 4.207, p = <0.001, respectively).

Figure 3.14.: CPD concentrations (CPDs/ Mb DNA) in Evechinus chloroticus larvae
exposed to incident UV at Matheson Bay, Leigh, New Zealand for 26 hours under full
spectrum ultraviolet –A, –B and visible light (UV-T, 290– 700 nm), UV-A and visible light
(PAR) only (UV-A, 320– 700 nm) and PAR only (UV-O, 400– 700 nm). Light grey: 0.5
m, dark grey: 2.0 m, and black: 3.5 m depth. Columns that do not share a letter are
significantly different at a 95% confidence interval.
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Table 3.4. t– values (t) from Tukey’s pairwise comparisons for DNA damage (CPDs/ Mb
DNA) in E. chloroticus larvae exposed at 0.5, 2.0 and 3.5 metres depth to UV-O (PAR only,
400– 700 nm), UV-A (UV-A and PAR only, 320– 700 nm) and UV-T (UV-A, UV-B and
PAR, 290– 700 nm). Grey denotes a significant difference between treatments at a 95%
confidence interval (p – value).
0.5 m
UV-O

2.0 m
3.5 m
0.5 m

UV-A

2.0 m
3.5 m
0.5 m

UV-T

2.0 m
3.5 m
Depth
UV-treatment

t
p
t
p
t
p
t
p
t
p
t
p
t
p
t
p
t
p

-0.651
0.999
-1.183
0.950
1.348
0.903
3.069
0.114
2.462
0.311
3.145
0.099
1.561
0.813
0.747
0.997
0.5 m
UV-O

-0.532
0.999
1.999
0.562
3.720
0.033
3.112
0.105
3.796
0.028
2.212
0.438
1.398
0.885
2.0 m

2.531
0.280
4.251
0.011
3.644
0.038
4.328
0.009
2.744
0.200
1.930
0.604
3.5 m

1.720
0.728
1.113
0.965
1.797
0.684
0.213
1.000
-0.601
0.999
0.5 m
UV-A

-0.607
0.999
0.077
1.000
-1.508
0.838
-2.321
0.379
2.0 m

0.684
0.999
-0.900
0.990
-1.731
0.731
3.5 m

-1.584
0.801
-2.398
0.341
0.5 m
UV-T

-0.814
0.995
2.0 m

3.5 m

DNA damage (CPDs/ Mb DNA) in the UV-O treatment (M = -0.1499, n =9) was
significantly different from UV-A (M = 0.1871, n =9) and UV-T (M = 0.2530, n =9) when
pooled across depths within treatments (ANOVA F2,1 = 14.56, p = <0.001,). The only
significant differences within UV-treatment and depth individual comparisons (Tukey’s
simultaneous comparisons) were UV-O 2.0 m from UV-A 2.0 m and UV-T 0.5 m; UV-O
3.5 m differed significantly from UV-A 2.0 and 3.5 m as well as UV-T 0.5 m (Table 3.4.).
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Figure 3.15.: Percent abnormal development in larvae of the New Zealand sea urchin
Evechinus chloroticus. Larvae were held at 0.5, 2.0 and 3.5 metres depth under full
spectrum ultraviolet radiation (UV-T, 290– 700 nm), UV-A and visible light (PAR) only
(UV-A, 320– 700 nm) and PAR only (UV-O, 400– 700 nm) at Matheson Bay, Leigh,
Auckland in the summer of 2009. Columns that do not share a letter are significantly
different at a 95% confidence interval.

Abnormality, as percent abnormal larvae among treatments, was significantly different (F2,
= 41.88, p = <0.001) in the UV-T treatment (mean= 44.25, N= 12) from larvae exposed
under UV-O (mean= 22.42, N= 12) and UV-A (mean= 27.58, N= 12) filters (Fig. 3.13.).
Tukey’s simultaneous comparisons for all UV-treatments and depths, showed all depths
were significantly different (at a 95% confidence interval) between UV-O and UV-T
treatments. UV-A 0.5 m and 2.0 m were significantly different from UV-T 0.5 m, and UVA 3.5 m, was significantly different from all depths of UV-T (Table 3.5.).
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Table 3.5. Tukey’s simultaneous test results (t – value) for abnormality (percent abnormal
larvae) in E. chloroticus larvae exposed at 0.5, 2.0 and 3.5 metres depth to UV-O (PAR
only, 400– 700 nm), UV-A (UV-A and PAR only, 320– 700 nm) and UV-T (UV-A, UV-B
and PAR, 290– 700 nm). Grey denotes a significant difference between treatments at a 95%
confidence interval (p - value).

0.5 m
UV-O

2.0 m
3.5 m
0.5 m

UV-A

2.0 m
3.5 m
0.5 m

UV-T

2.0 m
3.5 m
Depth
UV-treatment

t
p
t
p
t
p
t
p
t
p
t
p
t
p
t
p
t
p

0.521
0.999
-0.579
0.999
1.389
0.892
2.315
0.368
-0.174
1.000
5.846
0.000
4.515
0.003
4.747
0.002
0.5 m
UV-O

-1.100
0.969
0.868
0.993
1.794
0.685
-0.695
0.999
5.325
0.000
3.994
0.011
4.226
0.006
2.0 m

1.968
0.576
2.894
0.135
0.405
1.000
6.425
0.000
5.094
0.000
5.325
0.000
3.5 m

0.926
0.989
-1.563
0.816
4.457
0.004
3.126
0.084
3.357
0.051
0.5 m
UV-A

-2.489
0.281
3.531
0.034
2.200
0.431
2.431
0.308
2.0 m

6.02
0.000
4.689
0.002
4.920
0.001
3.5 m

-1.331
0.913
-1.100
0.969
0.5 m
UV-T

0.232
1.000
2.0 m

3.5 m
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Chapter Four: Discussion

4.1.

Aims of thesis

This study aimed to:
1. Develop a protocol using whole mount in situ hybridization (WISH) to visualize
DNA repair in sea urchin larvae through the expression of the repair enzyme
photolyase.
2. To use WISH to examine photolyase expression patterns in sea urchin larvae
exposed to ultraviolet radiation of different intensities and wavelengths both in the
field and in the laboratory.
3. To examine how patterns of photolyase expression vary as a function of column
ozone concentrations, depth, sea ice cover, length of exposure to UV-R of different
intensities, and recovery period in Antarctica.
4. To compare expression of photolyase in Antarctic (Sterechinus neumayeri) urchin
larvae to that of their temperate (Evechinus chloroticus) counterparts.
5. To relate DNA damage, in terms of CPD production, to photolyase expression.

The present study is the first to show photolyase expression patterns using whole mount in
situ hybridization (WISH) in sea urchin embryos and larvae from Antarctica and New
Zealand. Using this technique, I was able to quantitatively visualize differences in
photolyase, by comparing relative levels expression, across development stages in relation
to ambient ultraviolet radiation under high and low ozone conditions, sea ice and open water
conditions and different depths, and compare these to DNA damage and abnormality.
Although it is a long and complicated protocol, it does provide a unique view on where
expression is located within an individual embryo or larvae.
The Antarctic environment provides an interesting and biologically challenging
environment, with a constant sea water temperature –1.86˚C (Pörtner et al., 2007), extended
periods of darkness followed by months of 24 hour light, and for the past three decades, the
additional stressor of the Antarctic ozone hole and the resulting increase of ultraviolet-B
radiation (UV-B, 280 to 320 nm). Climate change also adds the potential threat of reduced
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sea ice thickness and coverage, despite recent increases, increasing the level of UV-B
entering the marine environment even further.
New Zealand has a diverse marine environment stretching from warm temperate (subtropical) in the North, to the cold temperate (sub-polar) in the South (Dix, 1970a). Across
this range, marine organisms are exposed to an array of environmental factors such as
temperature (9- 25˚C from Doubtful Sound, Fiordland to Northland, respectively (Lamare &
Stewart, 1998; Delorme & Sewell, 2013). Climate change will potentially increase UV-B,
due to increases in water clarity with warming temperatures and reduced dissolved organic
carbon (Madronich et al., 1998; McKenzie et al., 2007; Smith et al., 1992; Campanale et
al., 2011). Stratospheric ozone depletion over temperate regions is also a serious
environmental concern (Madronich et al., 1998; Lamare et al., 2004; Rowland 2006).
Although ozone depletion, and the concomitant increase in UV-B radiation, is more
prominent in Polar regions, lower latitudes have also experienced increases in incident UVB. (Kerr & McElroy 1993, Lamare et al., 2004).

4.2.

Photolyase

4.2.1.

Expression and DNA damage

Higher levels of DNA damage (CPDs/ Mb DNA), and the associated upregulation of
photolyase expression, represents a substantial metabolic cost to Antarctic sea urchin
embryos, which, given their slow metabolism (Hoegh-Guldberg et al., 1991) can represent a
major physiological cost. Although this may not increase mortality directly, it may further
reduce the already slow development rates of Antarctic marine invertebrate species. For
example S.neumayeri takes around 114 days to complete development (Bosch et al., 1987;
Shilling & Manahan, 1994) while Evechinus chloroticus, by comparison, has a larval cycle
of 28- 36 days (Dix, 1969). Mortality rates in planktonic larval stages are also high, such as
16% per day in E. chloroticus (Lamare & Barker, 1999), therefore any delay in
development rates is likely to lead to lower recruitment rates and a reduction in population
viability over the long term (Lesser et al., 2006; Isely et al., 2009).
Levels of DNA damage were highest with exposure to full UV-B radiation (UV-T), with
relatively minimal difference between UV-A and UV-O exposures. Photolyase was highest
in the UV-T treatment, with UV-A and UV-O expressing visibly lower levels.
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Corresponding levels of CPDs showed a decline over time (though not significant),
suggesting effective repair by photolyase. UV-A exposed larvae also showed photolyase
expression, but at a reduced level. This is consistent with Lister et al. (2010) showing
oxidative stress in S. neumayeri larvae after exposure to UV-A. Isely et al. (2009) also
detected photolyase activity after exposure to UV-A. Lamare et al., (2007) also showed
more CPDs in UV-A than UV-O treatments. In this experiment, UV-O treatments showed
some expression, but minimal compared to UV-A and UV-T.
Lamare et al. (2006) established that photoreactivation was the primary means of reversing
DNA dimers in a number of echinoid species. The study also noted that the rate of
photoreactivation in embryos and larvae may vary among sea urchin species across latitudes
(Lamare et al., 2006), with polar embryos repairing DNA at a slower rate than temperature
and tropical species. The research showed that latitude (and ≈ temperature) affected the rate
of repair, both within and among species, which was attributed to the influence of
temperature on the photolyase enzyme and on the slower metabolic rates in polar larvae.
Based on these findings, Lamare et al. (2006) attributed observed differences in the in situ
accumulation of CPDs in embryos in polar, temperate and tropical species to differences in
photoreactivation rates.
Proteomic

changes

in

embryos

of

Strongylocentrotus

purpuratus

exposed

to

environmentally relevant UV-R doses, included changes in 14% of observed proteins within
90 minutes post-fertilization (Campanale et al., 2011). UV-R exposure affected proteins
involved in, but not limited to, cellular stress, protein turnover and translation, signal
transduction, skeletogenesis and general metabolism (Campanale et al., 2011; Lamare &
Barker, 2013). UV-R, at a sufficient dose, can induce cellular stress responses such as
antioxidants, heat stress proteins (HSP70) and DNA repair enzymes (photolyase) by
interrupting the normal cell cycle or metabolism and halting cell division and producing
arrested or delayed development (Adams et al., 2012). If the stress response is overcome by
a lethal UV- dose the result is apoptosis and death (Lamare & Barker, 2013). Photolyases
may be an efficient method of removing CPDs, but it is physiologically costly, reflected in
the delay of development described in this and other studies.
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4.2.2.

Expression with development

Increased UV-R has many negative effects on organisms, one of which is the formation of
DNA photoproducts. Damage to DNA can be very harmful, especially in embryonic and
larval stages of marine organisms. In these early stages, rapidly dividing cells are vulnerable
to damage; the interruption of DNA replication can slow down or halt development (Lamare
et al., 2011; Lamare & Barker, 2013). The photoreactivation of UV-R damaged DNA by
photolyase has been shown to be an important mechanism that sea urchin larvae employ to
negate some of the harmful effects of increased UV-R (Lamare et al., 2006; Isely et al.,
2009). Akimoto & Shiroya, (1987b & c) showed that the effectiveness of photoreactication
is dependent on the time that photo reactivating light is delivered; It is only successful if the
embryos are illuminated up to the onset of the DNA-synthesis phase of the following cell
cycle. Photoreactivation largely reversed quantitative and qualitative changes in the protein
complement of the same embryos (Akimoto & Shiyora, 1987a; Lamare & Barker, 2013).
There seemed to be no distinct patterns of photolyase expression in embryos of the sea
urchin Sterechinus neumayeri or Evechinus chloroticus. Expression appeared throughout the
blastula embryo body in the UV-T (full UV spectrum) treatments. Patterns did however
appear once gastrulation started with higher expression seen around the forming archenteron
site and in the primary mesenchyme cells (PMCs). PMCs are critical in synthesis of the
calcareous larval skeleton at the stage of gastrulation and are iterative metabolically active
(Wray et al., 1988).
The secondary mesenchyme cells, giving rise to larval pigment, coelomic and muscle cells
(Wray et al., 1988), also exhibited photolyase expression (Fig. 3.2). Expression patterns
continued to appear during formation of larval arms once the prism and later stages of
development were reached, with higher expression at the growing tips of the arms where
higher cell division rates are likely (Figures: 3.7., 3.13., 4.1).
Russo et al. (2010) showed embryos of the temperate urchin Paracentrotus lividus exhibit
similar in situ hybridization expression patterns in stress-response proteins (from the 14-3-3
protein family) after exposure to UV-B. Whole-mount in situ hybridization of these 14-3-3
transcripts showed they were distributed in the archenteron and throughout the outer cell
layers, similar to patterns of photolyase expression seen in early stages of both urchin
species used in experiments for this thesis. Importantly, the distributions of the 14-3-3
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transcripts mapped cell-cycle disruption such as the failure of the archenteron to elongate
(Russo et al., 2010; Lamare & Barker, 2013).

Figure 4.1: Photolyase expression patterns in A. the Antarctic sea urchin Sterechinus
neumayeri and B. the New Zealand sea urchin Evechinus chloroticus. Photolyase appears as
dark purple areas. Scale bar is 50 µm.

Isley et al. (2009) established the presence of photolyase in all larval stages of S. neumayeri
examined, supporting previous observations by Lamare et al. (2006), that photoreactivation
occurs in blastula, gastrula and the pluteus stages of sea urchin larvae and embryos.
Photoreactivation rates of S. neumayeri embryos, although not signiﬁcantly different, tended
to be higher in the younger blastula and gastrula stages compared with later stage embryos
(Lamare et al., 2007).
Isely et al. (2009) also established the presence of photolyase in adult gonad tissues,
indicating a maternal transfer of photolyase, as shown by Todo et al. in D. melanogaster
ovaries (Todo et al., 1994). Having photolyase in eggs and embryos immediately upon
spawning would help mitigate the damaging effects of ultraviolet radiation and prevent any
delay in photolyase production that might result in DNA dimer accumulation. Previous
work by Lamare et al. (2006) showed a one hour delay before CPD repair was measurable
in the embryos of S. neumayeri, suggesting the initial maternal endowment may not be
sufficient to repair elevated levels of DNA dimers. The up-regulation of photolyase,
recorded by Isely et al., (2009) as seen in the present study, in response to higher ambient

65

UV-R exposure suggests an increase in production is required to repair naturally occurring
levels of DNA damage (Isely et al., 2009).

4.3.

Field Experiments

4.3.1.

Strechinus neumayeri field experiments

In running two replicate four day experiments at Cape Armitage, Antarctica, I was afforded
a great opportunity to compare photolyase expression between normal and depleted ozone
conditions, with the ozone hole positioned over the study site during the second experiment
(1- 5th November). During the first experiment (26- 30th October) the ozone hole tended to
the South of our study site. Ozone concentrations ranged from 233 to 312 DU, with an
average of 283 DU during the first experimental period, decreasing to between 166 and 269
DU with an average of 210 DU during the following 4-day experimental period (Table 1).
Concurrent with changes in ozone concentrations were changes in ambient irradiances, the
most noticeable being an increase in incident UV-B during the second experimental period
(Table 1). Maximum UV-B increased 1.7-fold, total UV-B dose increased 3.8-fold and the
ratio of UV-B to visible light (measured from 400 – 600nm) doubled.
Sterechinus neumayeri larvae exposed to ultraviolet-B (UV-T treatment) exhibited a
significant up-regulation in photolyase expression in the second experiment when
stratospheric ozone levels dropped and corresponding UV-B radiation increased. This
supports a dose-dependent response of photolyase expression, as shown by Lesser et al.,
(2004), Boventura et al., (2006); Lamare et al., (2006), Lamare et al., (2007) and Isely et
al., (2009).
Photolyase expression did not change in UV-O treatments that received visible light only
(PAR). UV-A treatments that received visible light and ultraviolet-A radiation doubled
expression on average from experiment one to two; with the addition of UV-B wavelengths
in the UV-T treatment photolyase expression increased 5-fold: much greater than the
proportionate increase in UV-B between experiments (Fig. 3.3.). This could be due to the
DNA repair rate being slower than production of DNA photoproducts, resulting in an
accumulation of DNA dimers.
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Within both experiments, the percentage of photolyase expression halved from the open
water samples to those deployed under 2 meters of sea ice at 1 m for both UV-A and UV-T
treatments (Fig. 3.4.). This supports the findings of Lister et al., (2010) which showed the
sea ice protects the organisms beneath it from the effects of increased UV-B radiation.
However, contrary to Lister et al., (2010) who found no consistently significant increase in
oxidative damage or abnormality under the sea ice with increased ambient UV-B, I found
there was a significant increase in photolyase expression under the sea ice when
stratospheric ozone concentrations declined. Between experiments one (high ozone) and
two (low ozone), the percentage of cells expressing photolyase doubled under the sea ice
(Fig. 3.4.). This supports studies by Lesser et al., (2004) who showed higher mortality and
DNA damage in 2003 compared to 2002, despite the thicker annual sea ice (3.1 m and 2.5
m, respectively) due to the severity of the ozone hole, 230 DU (2003) and 320 DU (2002),
and a greater ratio of UV-B to visible radiation (PAR) in 2003. In our experiments the ratio
of UV-B– PAR doubled from the first to the second experiment. Changes in the UVB– PAR
ratios are an important indicator of the effectiveness of DNA repair processes because
photolyase, which repairs DNA damage, requires UV-A and visible radiation to be
catalytically active (Sancar, 2003; Lesser et al., 2004; Sancar, 2008). Lesser et al., (2004)
also found UV-B radiation, under snow-free springtime sea ice, increases 20– fold during
the occurrence of the ozone hole and can reach a depth of almost 7 metres; large areas of
McMurdo Sound are either snow-free or have little snow cover during the ozone hole
(Perovich, 1993; Lesser et al., 2004) exposing the organisms below to both UV-B and UVA, during the Austral spring. UV-O embryos did not show any significant difference in
expression or proportion abnormality between open water and sea ice locations within or
between either of the experimental periods.

There was a significant reduction of photolyase expression and abnormal development with
increased depth, most likely due to the attenuation of UV-B down the water column. At 1 m
and 4 m below the surface UV-B levels were 24.8% and 2.4% of surface levels,
respectively. These results were supported by Lamare et al. (2007) who showed CPD
concentrations reduced with increasing depth. Karentz et al. (2004), also found reduced or
no UV-B induced abnormality and minimal DNA damage (CPDs) at depths greater than 3
m. Concurrent studies to the ones presented here carried out by Lister et al. (2010) also
showed a reduction in oxidative damage to proteins and lipids within S. neumayeri embryos
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with increasing depth. The results of this study also support Lister et al., and other studies
(Lesser et al., 2001; Lesser and Barry, 2003; Lesser et al., 2003; Lesser et al., 2004) in
showing UV-B can have a considerable negative impact on embryo development in sea
urchins and other marine larvae at depths less than 3 m. This is contrary to Karentz et al.,
(2004) who found UV-B had a negligible effect on abnormality compared to UV-A and
visible light at depths shallower than 3 m.

4.3.2.

Evechinus chloroticus field experiments

The level of photolyase expression in E. chloroticus larvae was significantly higher in
larvae exposed to UV-B (UV-T treatment) at depths shallower than 2 m compared controls
receiving PAR (UV-O) or UV-A and PAR only (UV-A, Fig. 3.12.). Abnormality showed a
similar pattern with UV-B exposed larvae showing significantly more abnormal
development than those in either UV-O or UV-A treatments (Fig. 3.15.).
DNA damage, in the form of Cyclobutane Pyrimidine Dimers (CPDs), was significantly
lower in larvae protected from both UV-A and UV-B averaged across depths, but no clear
pattern was found between treatments within depths (Fig. 3.14.). Relating DNA damage and
DNA repair enzyme expression is possible across broad UV- radiation treatments, with UVB increasing both DNA damage and expression of photolyase. Lamare et al. (2007) found a
similar pattern in Evechinus chloroticus in terms of CPDs among UV- treatments at 0.5 and
1.5 m, with higher concentrations found in UV-T treatments compared with UV-A and
UV-O. Contrary to Lamare et al. though, I found no significant difference between CPDs in
UV-A and UV-T treatments.
Identical experiments would need to be carried out to find significant patterns between
damage and expression patterns. It would be interesting to understand expression patterns of
photolyase across the early life history stages of E. chloroticus, and explore any differences
between populations in Northern New Zealand to Southern areas, where UV-B radiation is
potentially higher with reduced ozone coinciding with the spawning period (mid to late
Austral summer, Dix, 1970).
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4.4.

In situ hybridization limitations

This study used sense probes (identical to the sequence of interest) to assess non-specific
binding and detected very low levels, if any, and was less than that found in control (not
used in experiments) and UV-O (no UV) treatments and was not deemed significant.
In situ hybridization provides another unique and powerful tool to assess the effects of UVB on the marine environment, enabling direct localization of photolyase expression, or any
other desired gene. There are, however, limitations of using mRNA as a measure of
photolyase expression. An increase in the level of mRNA detected does not necessarily
translate into an increase in protein levels (Nilaver, 1986). Methods of preservation/fixation
can have deleterious effects and alter tissue antigenicity and treatment induced changes in
mRNA that do not necessarily correlate to increases in coded for protein levels (Nilaver,
1986). Protein levels can be maintained by certain cellular processes even in the presence of
increased mRNA. The use of proper controls is especially important to ensure hybridization
of the target protein and not non-specific labelling (Nilaver, 1986). WISH is also an
inherently correlative measure; causative interpretations are speculative (Nilaver, 1986) and
careful manipulations are essential. Minimum required specific activity for hybridization to
be detected is reliant on the number of binding sites available to probes (John et al., 1969).
Quantification of photolyase expression observed through in situ hybridization is also
problematic and subjective. Individual cells are often possible to count, but prove difficult
in three-dimensional images, such as those of whole embryos and larvae as used in this
study. In tissue sections for histology there are various software packages available that can
count/ quantify expression; using a small portion of an embryo or larvae to quantify
expression is possible, but as seen in this study expression is not uniform across an
organism and any analyses of this type would need to be treated.
Calcium carbonate was added to the fixative solutions to stop the skeleton from dissolving
during processing. This seemed to be effective with larval appendages remaining straight
(as opposed to curling without internal support), but did cause the formation of carbonate
crystals on the exterior of the larvae. It is unknown whether these crystals could have
impeded penetration of the molecular probes, but due to the high expression seen in some
treatments, it is unlikely.
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4.5.

Expression in other pelagic organisms

Sea urchin larvae are just one of many species that spend all or part of their life cycle in the
upper water column; a highly seasonal physical environment with complex trophic
interactions, food web and community shifts. Previous work on phytoplankton has shown
that increased UV-B, due to decreased ozone, can alter processes ranging from
photosynthesis to photoreactivation (Smith et al., 1992). In the Arctic, recent drastic
decreases in sea ice cover and extent is expected to have severe consequences for the
structure of pelagic ecosystems; impacting not only trophic interactions, but cycling of
organic matter and carbon sequestration (Bauerfeind et al., 2012)
Climate change will take its toll on the Antarctic marine environment; the ozone hole is
predicted to persist for at least the next 50 years, greenhouse gasses will continue to
increase, and sea ice is predicted to decline in extent (~ 25%) and thickness by the end of
the 21st century (Malloy et al., 1997; Arzel et al., 2006; Lamare et al., 2006; Bracegirdle et
al., 2008). Similar changes are happening now in the Arctic and it is predicted that Arctic
ozone losses will increase and reach maximum levels in the next decade 2010–2019
(Shindell et al., 1998; Smetaceck & Nicol, 2005, Dhams et al., 2011). Evidence to date
shows the susceptibility of marine organisms to reduced ozone and open water conditions
and a subsequent increase in risk of lethal and sub-lethal DNA damage due to higher UV-B
levels (Smith, 1989, Smith, 1992; Lamare et al., 2007; Lesser et al., 2004; Isely et al., 2009;
Lamare et al., 2011).
Natural populations of Antarctic zooplankton also sustain significant DNA damage (CPDs)
during periods of elevated UV-B associated with stratospheric ozone depletion (Malloy et
al., 1997). DNA damage in pelagic ice fish eggs correlated with daily incident UV-B
irradiance and, although repair rates were large for all species evaluated, they were
apparently inadequate to prevent the short-term accumulation of substantial CPDs. The
capacity for DNA repair in zooplankton species studied Malloy et al. (1997) was highest in
those whose early life history stages inhabit the water column during periods of ozone
depletion (austral spring) and lowest in fish species whose eggs and larvae are abundant
during winter.
CPD photolyases have been reported in bacteria, fungi, plants, invertebrates and many
vertebrates, while 6–4 photolyases have been identified in Drosophila, a silkworm, and
rattlesnakes (Sinha & Hӓder, 2002). Photolyases seem to be absent or non-functional in
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mammals. With DNA photolyases found in a number of archaebacteria, they are considered
to be ancient repair proteins, which may have helped in the evolution of Earth’s earliest
organisms (Sinha & Hӓder, 2002). As there is a high degree of sequence homology within
photolyases from plants and animals (Sancar, 2003) it is not surprising expression was seen
in other organisms found within samples exposed to full spectrum UV-R. These
experimental artefacts highlight the broad vulnerability of marine planktonic organisms to
the effects of ozone depletion and open water conditions; both of which may become more
apparent with climate change (Fig. 4.2.).

Figure 4.2.: Planktonic organisms found within samples exposed to ultraviolet radiation at
Cape Armitage, Antarctica. Clockwise from top left, scale bar in parenthesis: A.
unidentified diatom (50 μm); B. unidentified benthic Polyp, top view (200 μm); C.
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unidentified isopod (200 μm); D. unidentified amphipod (100 μm);.E. unidentified fish
embryo (50 μm); F. benthic Polyp, side view (200 μm).

4.6.

Conclusions

In this study, I observed an increase in photolyase expression and abnormality in the
Antarctic sea urchin Sterechinus neumayeri embryos with increased exposure to UV-B
(either by ozone depleted or open water conditions). Most notably, photolyase expression
was greater during periods when the ozone hole was positioned over the study site. The
combined effect of open water (no sea ice cover) and depleted ozone conditions resulted in
significantly higher levels of photolyase expression.
The deeper larvae were positioned, the higher the protection from UV-B they were afforded
due to light attenuation through the water column. Sea ice did provide protection from UVB, although not completely, with ≈ 50% of the expression of photolyase than seen in the
open water. The New Zealand sea urchin Evechinus chloroticus showed significantly higher
UV-B- dose response than controls that was largely mitigated by depth. DNA damage
corresponded with levels of photolyase expression in larvae exposed to UV-B radiation.
Whole mount in situ hybridization of photolyase provided an independent and powerful tool
to asses DNA photorepair in whole embryos and larvae of sea urchins from Antarctica and
New Zealand. I was able to observe where, and to what extent photolyase was expressed in
response to ultraviolet radiation.
•

Antarctica, Sterechinus neumayeri

Photolyase expression levels increased 5- fold in UV-T treatment with a 1.6- fold increase
of UV-B concomitant ozone decline among experiments.
There was a 50% reduction under the sea ice in the level of photolyase expression than seen
in the open water for embryos exposed to UV-B
•

New Zealand, Evechinus chloroticus

Photolyase expression was significantly lower in larvae exposed to all UV– treatments
below 2 m than larvae protected from UV-B radiation. Larvae shallower than 2 m, and those
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exposed to UV-B showed a significant up-regulation in photolyase which was evident in
DNA damage levels among treatments, but not between depths within treatments.
Development stages showed clear patterns of expression in both Antarctic and New Zealand
species with cell differentiation in late embryo to gastrula and later pluteus stages.
The present study is the first to show photolyase expression patterns using in situ
hybridization in sea urchin embryos and larvae from Antarctica and New Zealand. Using
this technique, I was able to quantify differences in photolyase expression across
development stages in relation to ambient ultraviolet radiation under high and low ozone
conditions, sea ice and open water conditions and different depths, and compare these to
DNA damage and abnormality.
Global climate change has the potential to continue the increase UV-R, particularly UV-B,
with increases in water clarity due to warming temperatures and reduced dissolved organic
carbon (Madronich et al., 1998; McKenzie et al., 2007; Smith et al., 1992; Campanale et
al., 2011). Therefore developing a comprehensive understanding of how UV-R affects
marine organisms and identifying their survival strategies can help predict the ecological
impacts of increased UV-R in marine ecosystems (Campanale et al., 2011). With increased
DNA damage and repair, photolyase expression is an important physiological cost with
trade-offs in slowing development, or if inadequate, causing apoptosis.
In situ hybridization of photolyase enables us to see where this damage is occurring within
individual larvae and see the most vulnerable life history stages, providing an excellent
marker of the environmental effects of UV-R on developmental stages of echinoderm
species.
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