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ASSESSMENT OF THE EFFECTS OF UV-B IN MARINE
MACROALGAE: POTENTIAL BIOMARKERS OF
EXPOSURE AND EFFECT

by

BRITT CORDI

Studies were undertaken to investigate the suitability of several molecular and physiological
responses as biomarkers of UV-B exposure in several marine macroalgal species.
Investigations into the sensitivity of mature plants and the reproductive unicells were also
carried out. Furthermore, experiments were conducted to determine the interaction between
UV-B radiation and the antifouling compound Irgarol 1051 in both a fouling alga and two
non-target algal species.

Chlorophyll fluorescence, in vive thallus absorptance and ion leakage were investigated for
their suitability as physiological biomarkers of UV-B exposure in the intertidal alga
Enteromorpha intestinalis and the subtidal alga Palmaria palmata. DNA damage (measured
by Random Amplification Polymorphic DNA fingerprinting, RAPD) and the cellular stress
response (measured by induction of the heat shock 70 protein, HSP 70) were evaluated as
molecular biomarkers of UV-B exposure. Measurements of thallus growth were used as a
measure of adverse biological effects. F, / F,, ratio showed potential as a sensitive, non-
specific general biomarker of UV-B exposure in both E. intestinalis and P. palmata. In vivo
absorptance at wavelengths corresponding to chlorophyli a, phycoerythrin and/or carotenoids,
as well as phycoerythrobilin and phycocyanin decreased in a dose-response dependent manner
with UV-B exposure. These changes were associated with decreases in growth rate in P.
palmata. The RAPD technique used for measuring DNA damage, showed potential as a tool
for assessing UV-induced toxicity. These resuits illustrated that utilising several responses
from different levels of biological organisation offer greater possibilities for detecting UV-B
induced effects than do single responses.

Experiments with 12 h old reproductive unicells of E. infestinalis demonstrated that asexual
zoospores were up to 6 times more sensitive to UV-B exposure than mature thalli (measured
as variable fluorescence). After 1 hour exposure to elevated UV-B (equivalent to 27 % ozone
depletion) reproductive unicells experienced decreases in variable fluorescence, accompanied
by a 50 % inhibition of germination success and 16.4 % reduction in growth rates. Moreover,
consistent patterns of greater sensitivity in the sexual reproductive part of the life cycle
compared to the asexual part of the life cycle emerged throughout the experiments.

The interactive relationship between UV-B radiation and the s-triazine Irgarol 1051 was
investigated in multi-factorial experiments. Inhibitions in optimal quantum yield of
approximately 20 % were found after exposure to UV-B or Irgarol 1051 (applied singly).
When these two stressors were applied simultaneously, however, an additive effect resulting
in further reductions of up to 19.6 % compared to a single treatment occurred.



These decreases in F, / F, were accompanied by up to a 38.5 % reduction in growth rates.
Simultaneous exposure of the same stressors to two non-target macroalgae, P. palmata and
P. umbilicalis, revealed that these algae were less sensitive to Irgarol 1051 compared to E.
intestinalis. However, similar additive effects measured as reductions in both F, / F,, ratio and
growth rates occurred after simultaneous exposure. These results underline the importance of
investigating combination effects between UV-B radiation and xenobiotic compounds, if an
under-estimation of the ecological implications of elevated UV-B exposure in the marine
environment is to be avoided.
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CHAPTER 1

INTRODUCTION

1.1 Ozone depletion and interactions with global warming

The ozone hole over Antarctica was first discovered in the late 1970s, but has now become a
predictabie event in the springtime atmosphere (Farman e a/. 1985, Solomon and Schoeberl
1988). Ozone depletion develops because of several physical properties of the springtime
Antarctic atmosphere, i. e. the polar vortex, unique characteristics of polar stratospheric cloud
formations, decreased temperatures and the presence of air pollutants (Hofmann 1989).
Depletion of ozone in the stratosphere (the atmospheric layer located between 10 - 30 miles
above the earth’s surface), which creates the ozone hole over Antarctica, takes place within
the polar vortex during September and October, and minimum levels can be sustained for
several weeks. The ozone depleted area disappears when the polar vortex dissipates and
ozone concentrations equilibrate with surrounding air masses. The extent of ozone depletion
and the area of the depletion varies greatly from year to year. The consequence of the
decreased ozone concentration has resulted in the entire Southern Antarctic Ocean now being
subjected to reductions in ozone reaching 90 %. Thus, while there is inter-annual variations in

the depth of the ozone hole, it is clear that the effect is close to saturation (Pyle 1997).

Recent data indicate that the loss of ozone is now also affecting temperate regions (Kerr and
McElroy 1993). Numerous modelling studies confirm that quite significant losses can be
expected (Pyle 1997). Current estimates predict average ozone reductions, over northern mid-

latitudes, of 13 % during winter and 7 % during summer and autumn months compared to the



late 1960s (WMO 1994). Contrary to the Antarctic polar vortex, which is centred close to the
pole, the Arctic polar vortex is more variable and more mobile (Pyle 1997). Consequently, the
vortex is often located over Northern Europe, where a maximum depletion of 50 % was

measured for a number of days in March 1996 (Pearce 1996).

It has recently been emphasised that ozone depletion and global climate change are linked
through the dual roles of trace gases such as carbon dioxide (CQO,), nitrous oxide (N,O),
chlorofluorocarbons (CFCs), methane (CH,), halons (used in fire-fighting), and tropospheric
ozone (O3) (Worrest el al. 1989). These compounds function as greenhouse gases in the
troposphere, the atmospheric layer located up to 10 miles above the earth’s surface. Many of
these atmospheric trace gases are relatively transparent in the visible region of the solar
spectrum. They do, however, absorb long wavelength solar radiation that is radiated back
from the surface of the earth, resulting in the green house effect (Worrest et al. 1989).
Furthermore, many of these gases also destroy the concentration of ozone in the stratosphere.
Gases such as CFCs and halons gradually migrate upward into the stratosphere where they
contribute through complex chemical processes to the destruction of ozone (US EPA. 1987).
Thus, because of these atmospheric interactions between global warming and ozone
depletion, greater environmental damage may ensue. Moreover, other changes such as acid
deposition / air pollution may also be closely linked to climate change (Worrest ef af. 1989),
thereby adding to the complexity of atmospheric interactions. The longest atmospheric
lifetimes for some of the trace gases are 150 years for N>O, 110 years for halons and up to
110 years for CFCs (Worrest ef al. 1989). Thus, stratospheric ozone is expected to continue
to decrease into the middle of the next century even if emissions are reduced world-wide

(Crawford 1987).






The relative increase in UV-B is highly wavelength dependent, with the greatest increases
occurring with decreasing wavelength (Figure 1.1, inset).
Thus, the enhanced solar radiation from ozone depletion becomes important if biological

responses are particularly sensitive to shorter wavelength radiation (Caldwell and Flint 1997).

UV-B radiation has repeatedly been reported to be biologically harmful to a diversity of
terrestrial and aquatic life (Dahlbeck er al. 1989, Hider ef al. 1995, Lowe ef al. 1998,
submitted). Solar UV-B radiation has been reported to cause damage to DNA,
photosynthesis, chlorophyll fluorescence, enzyme activity and nitrogen incorporation, and to
bleach cellular pigments for several algal species (Wood 1987, 1989, Dahler ef al. 1991,

Larkum and Wood 1993, Mitchell and Karentz 1993, Hader ef al. 1996a, b).

The biological effects of UV-B are strongly wavelength dependent, even within a range of a
few nanometers. Therefore, any increases in radiation due to ozone depletion are expected to
result in disproportionately large biological effects. For example, due to the higher energy
content of quanta at 295 nm compared to 320 nm, 295 nm radiation can cause 1000 times
more erythemal damage on human skin (Moseley 1988). Caldwell (1977) estimated that a 1
% decrease in stratospheric ozone concentration would result in an increase of approximately
2 % in biologically effective UV-B radiation at temperate latitudes (calculated according to
the generalised plant action spectrum, Caldwell 1971). Thus, the result of the predicted 7 to
13 % stratospheric ozone reduction (WMO 1994) would result in 26 % increase in
biologically effective UV-B. However, the relationship between ozone depletion and
magnitude of the associated increase in biologically weighted UV-B irradiance is highly
dependent on wavelength and the biological response of the particular organism in question
(Caldwell and Flint 1997). Thus, much emphasis is currently placed on establishing biological

spectral weighting functions, which incorporate the biological response with the relative



effectiveness of different wavelengths of UV radiation. Reports that the Arctic ozone hole in
the winter of 1995-1996 was the “deepest ever seen in the Northern Hemisphere” (Pearce

1696) have underlined the need for comparable studies in northern marine environment.

1.1.3 Algae and the marine environment

UV-B radiation must be considered as a potentially damaging factor in aquatic systems even
for submerged organisms. UV-B can penetrate to 60 m in Antarctic waters during spring
(Smith e al. 1992), and biological effects have been reported down to 20 m (Karentz and
Lutze 1990, Smith ef al. 1992). In moderately productive waters, containing average amounts
of dissolved organic matter, attenuation is between 2.5 and 6 m (Smith and Baker 1979). In
coastal waters, with their higher concentrations of suspended particulates, 90 % UV-B
attenuation at only 0.5 m was reported for the German Bight and 3.5 - 6 m in the Fladen

Ground of the northern North Sea (Hojerslev 1988).

UV-B can adversely affect many structural components and metabolic processes in aquatic
organisms (Worrest and Hader 1989, Holm-Hansen ef al. 1993, Vincent and Roy 1993).
Even without ozone depletion, UV-B is a continuous environmental stressor, and ambient
levels at any latitude can potentially cause adverse effects in marine organisms. Solar UV-B
radiation has been found to cause damage to early developméntal stages of fish, shrimp, crab,
amphibians and other animals (Hader et al. 1995). The most severe effects are decreased
reproductive capacity and impaired larval development (Hader e al. 1995). Thus, even small
increases in UV-B caused by ozone depletion events are of great concern (Bidigare 1989,
Karentz 1991, Karentz 1992, Hader ef al. 1995). A major consideration (which generally
goes unmentioned) in evaluating the ecological impact of spring time ozone depletion is that

the ozone hole has now been in existence for two decades. Consequently, any biological and



subsequent wider ecological effects may already have been initiated, especially for organisms

with short generation times such as phytoplankton and some macroalgal species.

All primary producers occupy the upper layers in the water column, where they are
simultaneously exposed to high levels of ultraviolet radiation. Investigations into the effects of
enhanced UV-B radiation on phytoplankton and macroalgae are of great importance, since
algae are vital primary producers, the foundation on which the very survival of aquatic food
webs depends (Houghton and Woodwell 1989). A major loss in primary biomass productivity
would necessarily cause decreases in biomass at higher trophic levels, thus affecting food
productivity. It has been estimated that a 16 % ozone depletion could result in a 5 % loss'in
phytoplankton, which equals a loss of approximately 7 million tons of fish per year or a 7%

reduction in fishery and aquaculture yields (Nixon 1988, Héder e al. 1995).

In addition, the oceans play a key role with respect to global warming. Marine algae are a
major sink for atmospheric carbon dioxide, and they play a decisive role in the development of
future trends of carbon dioxide concentrations in the atmosphere (Hider ef al. 1995). A long-
term global warming of surface air temperature by 1.5-4.5 °C is predicted for a doubling of
the CO, concentration accompanied with a 1 m rise in the sea level by 2080 (IPCC 1992,
Weaver 1993). The increase in fossil fuel burning and deforestation accounts for an annual
increase of 7 Gt of carbon into the atmosphere, where only 3 Gt is retained in the atmosphere.
The remaining 4 Gt are taken out of the global atmosphere by the biological pump in the

oceans and possibly also by the terrestrial biosphere (Lampitt ef al. 1993, Toggweiler 1993).

In contrast to the wealth of research concerning detrimental UV-B effects on microalgae, the
macroalgae have largely been overlooked. Most macroalgae, as opposed to phytoplankton,

are attached to their growing site, and thus have no opportunity to avoid high levels of UV



radiation by vertical migration as do phytoplankton. This suggests that UV-B together with
photosynthetically active radiation (PAR) are limiting factors which determine the zonation of
macroalgae. Moreover, springtime increases in UV-B coincide with the preduction of the
potentially most vulnerable life stages of many macroalgae. Macroalgal systems are highly
productive. Beds of kelp species such as Laminaria and Macrocyctis produce 1000-2000 g
carbon m? yr! (Mann and Chapman 1975). These rates are similar to those in the most
productive terrestrial ecosystems. Although they occupy a smaller total global area, benthic
macrophytes in bays and estuaries have three times the productivity of phytoplankton on a
per-area basis. Thus they are vital primary producers in near shore ecosystems and provide a

source of food for a wide variety of invertebrates and fish (Mann 1972a).

1.1.4 UV protective mechanisms

[t must be emphasised that the springtime increase in UV-B is a relative temporal occurrence.
Therefore, the biological consequences of increased UV-B do not rest entirely upon the ability
of algae to cope with UV exposure, but on their ability to cope with summer levels of UV-B
in early spring (50 % ozone depletion over Plymouth, Devon, 50°22’ N latitude and 4°17° W
longitude, in March is equivalent to above May levels, calculated using Caldwells generalised
plant action spectra and the computer programme of Bjorn and Murphy 1985). With the
occurrence of the ozone hole, the seasonal gradient of increasing UV levels no longer exists,
hence elevated UV-B is experienced during the early spring, immediately after minimum levels
during winter. Thus, if an increase in the UV-B / PAR ratio occurs, the algae will be exposed
to enhanced short wavelength radiation to which they may not be adapted. This is an
important consideration because, although there is an increasing body of literature on the
effects of UV-B on algae, little is known about the adaptive responses of marine algae in the

field (Britt 1997).



A primary hazard of UV exposure is the absorption by DNA (Zélzer and Kiefer 1989).
Nuclear DNA is present in a very low copy number, and acts as the template for its own
synthesis, it is therefore particularly vulnerable to UV induced damage (Britt 1997). Even a
single persisting UV-induced lesion can potentially be a lethal event. This is particularly true
for haploid tissues such as pollen grains (Britt 1997) and gametes and zoospores of
macroalgae. UV induced lesions consist mainly of dimeric photoproducts, the cyclobutane
pyrimidine dimer (CPD) and the pyrimidine (6-4) pyrimidinone dimer (the 6-4 photoproduct)
(Mitchell and Nairn 1989). These lesions alter the structure of DNA and consequently
interfere with critical aspects of DNA metabolism such as transcription, replication and
recombination (Taylor et al. 1997). Thus, the degree of UV sensitivity exhibited by algae is
related to the number and efficiency of its protective mechanisms and repair systems.
Furthermore, dose rates and duration of exposure must also be considered in assessing

biological damage and capabilities for protection and repair.

Since algae are constantly exposed to sunlight, they have acquired protection mechanisms
during their development and evolution. Thus, the actual biological UV-B doses received will
partly depend on the differential UV screening properties of external layers. Structural
protection from UV radiation may be provided by secondary cell walls (which the
reproductive uni-cells are lacking) and membranes, however, very limited data is available on
the optical properties of such cellular structures. Biochemical protection from UV exposure
appears to be another common strategy. For example, UV-absorbing substances such as
mycosporine-like amino acids (MAAs) have been observed in marine phytoplankton and
macroalgae, from Antarctic, temperate as well as tropical species (Dunlap er al. 1986,
Mitchell ez al. 1989, Karentz ef al. 1991a). The protective role of these compounds has been

inferred from their UV-absorbing properties (they have a range of absorption maxima from



310-360 nm), decreasing concentrations with depth, and increased concentrations in response

to UV exposure (Franklin and Forster 1997).

The cellular repair mechanisms responsible for the removal of damage induced by UV-B
radiation include: photoreactivation, excision {dark) repair, and recombination repair (Sancar
and Sancar 1988). These repair pathways are not specific for UV-induced damage, but are
activated to repair DNA damage in response to for example heat, mechanical stress and free
radicals. Photoreactivation (photo-enhanced repair) involves a light-dependent enzyme, DNA
photolyase, which utilises photons of light in the UV-A and blue light region (Sancar 1994).
However, although UV-A plays a very important role in the repair mechanism of DNA
lesions, it is also biologically damaging (Forster and Liining 1996). Very little is understood

about the interaction of detrimental and beneficial wavelengths of solar radiation.

Although repair mechanisms for UV damage exist for most living tissues, this does not imply
that there are no detrimental net-effects. For example, even if no net reduction in
photosynthesis i1s detected over longer periods of time, the energy reserves needed to
resynthesise damaged proteins and pigments may still result in a net metabolic loss which
could potentially affect the long-term survival fitness of the organism (Calkins and
Thordardottir 1980). For example, it has been shown in a cyanobacterium, that 10 % of the
total net protein synthesis was required for repair processes such as resynthesis of the DI

protein in PS 11 complex (Raven and Samuelsson 1986).

In addition to genetic damage, other effects of UV exposure are related to absorption by
RNA, proteins (enzymes, histones, hormones etc.), pigments and other biological molecules

(Caldwell 1981). Furthermore, UV absorption can initiate changes in membrane structure and



the chemical environment of cells, interfering with normal metabolic processes (respiration,

photosynthesis etc.) and resulting in decreased growth, impairment of reproduction, or death.

1.2 Organic pollutants and the marine environment

A vast number of organic compounds synthesised by man arrive in the aquatic environment
via atmospheric transport, spray driff, groundwater leaching, soil run-off and sewage input
(Zhou et al. 1996). Some by virtue of their nature are highly toxic and can adversely affect the
health of the marine biota (Pridmore er al. 1992). These compounds are transported by
currents and wave motion and are therefore distributed widely. Thus algae, perhaps more so
than plants in the terrestrial environment, are subjected to numerous xenobiotic compounds. It
is therefore important to consider elevated UV-B radiation as an additional environmental
stressor. [nvestigations into combination effects of UV-B radiation and these compounds are
of great importance if we are to accurately estimate the ecological implications of ozone
depletion. The s-triazine compound Irgarol 1051 was chosen for investigations in Chapter 7

and 8 for a number of reasons explained below.

1.2.1 The antifouling compound Irgarol 1051

Antifouling agents, to which Irgarol 1051 belongs, are used in paints to prevent biofouling of
submerged surfaces in the sea. They were introduced as a substitution for tri-n-butyltin
(TBT), which in the 1980s was reported to cause severe damage to non-target populations of
bivalves and gastropods at very low concentrations (Bryan and Gibbs 1991). The non-
selective biotoxicity of TBT led to its regulation in antifouling paints by the OECD countries

in 1988 (Readman ef al. 1993).
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is considerably slower (half-life between 2052-8503 days, EPA 1994). Thus, the long-term
concentration of Irgarol 1051 in the marine ecosystem depends on complex processes, among
them the rate and place of release, the low rate of degradation, the binding to sediment and
several dilution factors in the sea (Ciba-Geigy 1995a). LDsp for Bobwhite quail is 2250 mg
kg™!, for Rainbow trout 0.74 ppm (mg 1) and for Daphnia magna 8.2 ppm. Moreover, early
life cycle experiments revealed very high toxicity for the reproduction of Rainbow trout of
4.02 ppb (ug 1"y and 110 ppb for Mysid shrimp (EPA 1994). This compound was concluded
by the EPA (1994) to be practically non-toxic to quail, moderately to highly toxic to fish, and

highly toxic to invertebrates.

Irgarol 1051 belongs to the s-triazine group known as photosystem II inhibitors. They inhibit
the photosynthetic electron transport in chloroplasts (Samson and Popovic 1988) and reduce
electron transfer between Q. and Qg, the primary and secondary plastoquinone electron
acceptors (Vermaas ef al. 1984). These inhibitors bind to the D1 polypeptide of the PS Il
core complex at the Qg site (Vermaas ef al. 1984). Moreover, a second site of triazine action,
located on the donor site of PS II has also been established (Purcell e al. 1990). Thus, due to
the mode of action this compound is extremely toxic to macroalgae, a minimum inhibition

concentration {MIC) of 10 ppb was quoted by the manufacturers (Ciba-Geigy 1995b).

1.2.2 Analysis of combination effects

Simultaneous or sequential exposure of organisms to two or more chemicals may alter
biological responses in qualitative and quantitative ways relative to that for single compounds
(Altenburger ef al. 1993). Combination effects of compounds have therefore been assessed in
numercus studies in pharmacology, toxicology and biometrics. However, studies in

interactions between xenobiotic compounds (i.e. heavy metals or organic compounds) and
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UV-B irradiance have, with the exception of Polycyclic Aromatic hydrocarbons (PAHs) (Gala

and Giesy 1992), rarely been attempted (Dubé and Bornman 1992).

Combination effects of compounds are investigated in relation to the expected effects of
mixtures. Synergism is a term defined as the effect of a mixture which is larger than would be
expected on the basis of the potency of its constituents. If the effect is smaller than would be
expected it is termed antagonistic. If, however, the combined effect of the compounds is as
expected from the effects of the individual substances, the combination effect is additive
(Altenburger er al. 1993). Although the above mentioned definitions are based on work
performed on inorganic or organic agents, combination effects involving radiation can also be

identified using the above criteria.

The empirical foundation for defining expected combination effects lies in dose-response
analysis (Berenbaum ef al. 1989, Altenburger et al. 1993). Expected effects are calculated
using biometrical models based on either the concept of effect summation, effect
multiplication or concentration addition. These terms as defined by Altenburger and co-
workers (1993) are:

* Concentration addition is a concept based on the assumption that any constituent of a
mixture can be replaced totally or partly by the equieffective amount of another while the
effect of the mixture remains constant.

* Effect multiplication is based on the assumption that the effect of a mixture equals the
product of the effects of the components applied singly.

* Effect summation, which is the concept underlying the rational of Chapters 7 and 8 is based
on the assumption that the effect of a mixture equals the sum of the effects provoked by the

individual constituents.
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Several experimental designs have been used to investigate interactive effects between two or
more compounds. The combination effects of the s-triazine Irgarol 1051 and UV-B irradiance
were tested in Chapter 8, using an experimental design which has often been applied to
organic and inorganic agents. UV-B and Irgarol 1051 were tested alone at an irradiance i, and
a concentration c; and subsequently in the combtnation i, + ¢; (*2 x 2 design”). Moreover,
dose-response curves for each stressor, tested singly, were established prior to the
combination experiments. In Chapter 7, the experimental approach in which one substance is
tested at various levels while the other is kept constant was applied i.e. a “2 x n design”
(Altenburger et al. 1993). This approach is an extension of the previously outlined method.
Here several UV-B irradiances were used in combination with only one concen*ration of
Irgarol 1051. Irrespective of the approach chosen to investigate combination effects of several
stressors, both advantages and disadvantages are attached. The experimental design chosen in
a particular experiment will depend on the purpose of the intended study, the assessment
model to be used for data analysis and resource constraints underlying the experiments

(Altenburger ef al. 1993).

1.3 The biomarker approach

The coastal marine environment is one of the major recipients of anthropogenic poliution, as
outlined in detail in the previous sections. Animals and algae in such areas are therefore threatened
by the potential toxicity of various chemical compounds in addition to natural stressors and UV-B
irradiation (Viarengo and Nott 1993, Lobban and Harrison 1994, Franklin and Forster 1997).
Current ecotoxicological test procedures focus on ranking the relative toxicities of chemicals by
establishing no observable effect levels in controlled laboratory conditions (Depledge 1994).
Predictions of whether adverse effects are likely to occur are then made by determining the fate

and concentrations of chemicals in ecosystems based on extrapolations from toxicity tests. A more
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direct approach is to investigate the well-being of individual organisms or plants, populations and
communities in situ. The biomarker approach aims to provide measures for evaluating exposure of
organisms to xenobiotics and / or radiations and also information regarding the adverse effects on

the organisms.

With regards to photobiology, the emphasis has in the past been to investigate atmospheric
processes responsible for ozone depletion (Voytek 1990). Moreover, most research addressing
UV effects on the biosphere has focused on establishing action spectra and weighing functions for
different responses, or has assessed the spectral penetration of UV in water. Often only limited
UV-B regimes were applied (Wood 1987, Caldwell 1971, Cullen ef a/. 1992, Hanelt et al. 1997,
Hider et al. 1996b, Hader 1997a, Nilawati ef al. 1997) However, finding biochemical, cellular
or physiological responses which can be related in a dose dependent manner to UV-B
exposure, and therefore act as early warning signals to changes in UV-B levels, has less
frequently been attempted (Campos e/ al. 1991, Cullen and Lesser 1991, Uhrmacher er a/.
1995). If these early warning signals can be identified they might be used to signal a change in

biological fitness that may have consequences for entire populations.

Marine plants exposed to contaminants and / or UV radiation may elicit responses at all levels of
biological organisation, from the molecular level, where pollutants or radiation may cause damage
to crtical cellular macromolecules initiating detoxification and repair mechanisms, to the individual
level (Figure 1.3). If the impact of the toxicant and / or UV radiation at, for example, the
biochemical, cytological or the physiological level is large enough to exceed compensatory
responses, then its effect passes to successively higher levels of organisation (Stebbing 1985).
Effects at the individual level may resuit in reduced growth or reproduction, which eventually may
become evident at the population or community levels where changes in species diversity, density

and genotypic frequencies may arise (Morarty 1983; McCarthy and Shugart 1990). The temporal

15






Although the relationship between responses at different levels of biological organisation
originated from research on anthropogenic contaminants described by Peakall (1992), McCarthy
and Shugart (1990) and Fossi et al. (1994), based on the earlier work of Adams ef al. (1989) this

approach can equally well be used regarding UV irradiation.

Depledge (1994) extended the definition of biomarkers proposed by the National Academy of
Sciences (NRC 1989) to: “An ecotoxicological biomarker is a biochemical, cellular, physiological,
or behavioural variation that can be measured in tissue or body fluid samples or at the level of
whole organisms (either individuals or populations) that provides evidence of exposure to and / or
effects of one or more chemical pollutants (and / or radiations)”. Biomarkers have been used
extensively in the evaluation of occupational health risks (Grandjean 1991). For example
acetylcholinesterase (AChE) inhibition was used as a biomarker of pesticide exposure in humans
(Brock and Brock 1990) to detect potentially toxic exposures long before adverse effects would

arise.

Depledge (1994) proposed a division of ecotoxicological biomarkers into four classes.

* The first class contains biomarkers of exposure, which signal exposure of an organism, a
population, or a community to chemical pollutants. These biomarkers may range from generalised
indicators of UV-B radiation and / or pollution to specific indicators of exposure. An example is
reduction in chlorophyll fluorescence and changes in pigment absorptance spectra.

» The second class contains biomarkers of effect, which signal that an organism, a population, or a
community has been affected by one or more pollutants. They do not necessarily provide
information concerning the nature of the pollutant stress. Altered gill Na, K-ATPase activity as a
measure of osmoregulatory disfunction in fish was mentioned by Depledge (1994) as an example.

Additionally, ion leakage also belongs to this group, since it is a measure of membrane damage.

17



* The third class are the so called expostre / effect biomarkers, in which the acethylcholinesterase

inhibition belongs. These biomarkers not only indicate exposure to one or several xenobiotics, but
specifically link the exposure to an effect.

* The fourth class, the latent effect biomarkers, deals with possible changes in the capacity of

organisms to adapt to future environmental changes because of a previous pollutant exposure.
These biomarkers indicate the exposure of apparently normally functioning organisms, by pointing
towards limitations in the ability to adapt or survive. Depledge (1994) mentions altered Scope-for-
Growth as an example. Reduced algal growth rate can also be regarded as a latent effect biomarker
since the algae may survive perfectly well with a slightly reduced growth rate, but the possibility

that these individuals are more vulnerable to environmental changes remains.

In addition, Depledge (1994) introduced the term functional biomarker to identify biomarkers that
are integral components of the compensatory response or detoxification mechanism initiated by
pollutant or UV exposure. The induction of heat shock protein 70 (HSP 70) or Mycosporine-like
amino acids (MAAs) are examples of functional biomarkers. Independent of which kind of
biomarker is being evaluated, attempts should be made, wherever possible, to establish the dose-
response relationship between the biomarker response and the stressor. Furthermore, it is
important to underline that biomarkers do not necessarly provide information regarding the
significance of the exposure to UV-B or pollutant for the well-being of the exposed organisms or
algae (Depledge 1994). However, the third class of biomarkers mentioned above, the exposure /

effect biomarkers, identify responses which are linked to declining health.

The “multiple response concept” illustrated in Figure 1.4a has created a frame work for evaluation
of the health status of individuals and populations by using biomarkers to identify progressive
changes in the phystological condition of organisms (Moore 1992, Depledge 1989, Depledge et al.

1993, Depledge 1994). A healthy individual exposed to a pollutant may experience a deterioration
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in health, as it moves along the “physiological condition” scale exceeding homeostasis at the point
(h), from where it moves into a compensation zone. As the organism or plant is exposed to
increasing doses of a toxicant or UV-B radiation, compensatory biochemical and physiological
responses are seen, with no obvious signs of disease. If the pollutant exposure exceeds the
organism’s tolerance level, 1. e. that can be compensated for (by excretion, repair and / or
compensatory mechanisms) (point ¢), a movement into the non-compensation zone with signs of
overt disease will result. If point (r) on the curve is crossed, recovery through repair mechanisms is
impossible and the organism or the alga will finally suffer from pathological processes leading to

death (Depledge 1994).

Figure 1.4b show a number of hypothetical biomarker responses compared to the health status
curve. Particular biomarkers (B1 - B5) may be present with more or less specific responses in each
of the individual “zones”. Thus, there may be potential for determining, where individuals and
whole populations samples in sifu or in the laboratory lie on the health status curve (Depledge
1993, 1994). Early warning of potentially detrimental effects may be given by biomarker responses
occurring in the compensation zone, which make these of special interest. Moreover, this figure
also illustrates that the simultaneous use of more than one biomarker can offer greater possibilities

for the detection of effects than do single biomarkers.
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1.3.1. Non-destructive biomarkers

The use of non-destructive biomarkers has proved particularly useful in research involving amimals
(Leonzio and Fossi 1994). However, many of the advantages for animals are also valid for research
with plants and algae. For example, sequential sampling on the same individual allows the
individual to act as its own control and long-term studies of responses in individuals are possible
(Peakall 1992, Depledge 1994). Non-destructive sampling does not involve loss of individuals
from the population, which is of special importance when rare or threatened species are
investigated. In addition, the role of endogenous (sexual cycle, age, nutritional status, etc.) and
exogenous (temperature, daylight, etc.) factors in variations in biochemical biomarkers can be
investigated in the same individual, and thus exclude intraspecific variation (Fossi ef al. 1994). [n
vivo chlorophyll fluorescence, in vivo pigment absorptance and monitoring of growth are examples

of non-destructive measurements applied throughout this thesis.

1.3.2 Choice of potential biomarkers

One of the primary aims of this study was to investigate potential biomarkers, both molecular
and physiological, which can be related in a dose-response dependent manner to UV-B
radiation and therefore can act as early waming to elevated UV-B. In vivo chlorophyli
fluorescence was investigated as it is a rapid and non-destructive method, and thus has
considerable potential for use in situ. It provides information on inhibition or damage to
transfer of electrons from Photosystem II, photochemical quantum yield and is a sensitive

indicator of photoinhibition.

In addition, /1 vivo pigment absorptance was investigated as a non-destructive, general
biomarker of exposure. It has the potential to reveal in vivo changes in the absorptance

spectra of pigments following UV exposure, to characterise sites of damage to pigments and
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to establish the time course of damage and repair (Smith and Alberte 1994). High
performance liquid chromatography (HPLC) was applied to identify and quantify chlorophyll

and carotenoid pigments which were only tentatively identified by in vivo spectrophotometry.

Ion leakage was used to assess the extent of cell damage and to evaluate its suitability as an
early indicator of UV-B stress. To investigate possible responses to UV-B irradiance at the
molecular level, DNA damage (measured as Random Amplification Polymorphic DNA
fingerprinting) and the cellular stress response were examined. The induction of heat shock 70
(HSP 70) which belongs to the group of functional biomarkers was measured as the cellular
stress response. These parameters were linked to effects on growth rate and reproduction,
two Darwinian fitness parameters. Furthermore, wherever possible, several biomarkers were

used simultaneously to aid the detection of exposure and/or effects.

1.3.2.1 Chlorophyll fluorescence measurements

Chlorophyll @ and b and several carotenoids are the light-absorbing molecules in the antenna
complexes of Photosystem I1 (PS 1I) of higher plants and algae. The normal electron transfer
in Photosystem II, reflected by a fast chlorophyll fluorescence decay (Holzwarth 1991) is as
follows: Absorbed energy is transferred to the primary electron donor of the reacting centre,
P680 (van Grondelle er al. 1994), where an electron is moved to the primary acceptor

pheophytin (Figure 1.5).
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The period following the first second of illumination, when the fluorescence rises from O to P,
is often denoted the fast phase. The following phase from P to T of several minutes duration
is denoted the slow phase. However, it is the fast phase which is related to the primary
processes in photosynthesis in PS II. During the first seconds, the fluorescence time course
reflects the events of water-splitting and subsequent electron transport (Papageorgiou 1975)
A portion of the energy trapped by the PS I antenna which is not able to transfer beyond Qa
via electron transport is reemitted as variable fluorescence, F,. Consequently, variable
fluorescence increases as the primary acceptor Q, is reduced or is quenched as Q4 is oxidised.
F, is the level of fluorescence emission when all reaction centres of Q, are open and fully
oxidised, before electrons are trapped. F, is the maximum level of fluorescence attained in the
induction curve, usually at P, when all reaction centres are closed and Q4 is fully reduced. F, /
Fn, ratio is proportional to the quantum yield of photochemistry (Butler and Kitajima 1975)
and is highly correlated with the quantum yield of net photosynthesis of intact leaves
(Demming and Bjornman 1987). The area above the curve between F, and Fg the
complementary area, is proportional to the pool size of electron acceptors (plastoquinone) on
the reducing side of PS 1I and is therefore also proportional to the photochemical capacity of
PS 1T (Lavorel et al. 1986). Its value is decreased when PS II photochemistry is lowered by

effects of copper or trizine-herbicides (Samson and Popovic 1988).

Algal photosynthesis varies greatly from one taxonomic group to another. Only green algae
have pigment and chloroplast configurations similar to those which have been well studied in
higher plants (Biichel and Wilhelm 1993). Consequently, care is required when interpreting
fluorescence measurements from algae. For example, in green algae and higher plants a F, /
F., of approximately 0.8 was measured, contrary to values as low as 0.4 to 0.7 found in other
algae (Biichel and Wilhelm 1993). This may be due to variations in the supramolecular

organisation of the thylakoid membrane system (Cunningham ef al. 1996). However, despite
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the need for careful signal interpretation, Cunningham and co-workers (1996) concluded that
the pulse-amplitude modulated (PAM) instrumentation appears satisfactory regarding
measurements on macroalgae. Dring et al. 1996a added that F, / F,, appeared to provide a
sensitive indicator of the response of the photosynthetic apparatus to UV radiation in red

algae.

1.3.2.2 In vivo pigment absorptance and HPLC analyses

In vivo pigment absorptance was selected to obtain spectral diagnostics for different algal
species and to provide a means to determine whether spectral features could be used to
identify UV-B stress. /n vivo spectral analyses can sensitively and rapidly characterise pigment
diversity, non-invasively, especially when pigment identities are known (Smith and Alberte
1994) A diversity of accessory pigments have been documented through analyses of in vivo
absorption spectra for a range of unicellular algae (Jeffrey 1980, Larkum and Barrett 1983),
and some chlorophyte macroalgae (Haxo and Blinks 1950, Kageyama et al. 1977, Jeffrey
1980, Smith and Alberte 1994), phaeophytes (Dring 1982) and rhodophytes (Haxo and Blinks
1950, Jeffrey 1980). The advantages of this method come from the fact that these spectra are
independent of the need for corrections due to hypsochromatic shifts (decrease in wavelength)
which occur when the tissue is disrupted by extractions into organic solvent (Smith and
Alberte 1994). This method has been used for several macroalgae species throughout this
thesis to investigate in vivo changes of absorptance spectra of pigments following
experimental manipulations, to characterise sites of damage to pigments and to establish time-
courses of recovery after UV-B exposure. Additionally, there is a potential of using this
method as a non-invasive means to evaluate subtle responses of the photosynthetic apparatus
of algal populations in a variety of aquatic environments where stressors such as chemical

pollution, eutrophication, UV or other impacts might be realised (Smith and Alberte 1994).
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Some of the limitations associated with spectrophotometry are inaccuracies associated with
spectral interferences between several pigments, and identification of specific pigments can
therefore be difficult. Moreover, decreases in pigment absorptance are not directly related to
changes in pigment concentrations, since changes in in vivo absorptance spectra can also arise
from changes in the package effect, caused by chloroplast movements, thylakoid organisation
and changes in mean cell size (Forster, personal communication). Therefore, high
performance liquid chromatography (HPLC) was performed to identify and quantify the

chlorophyll and carotenoid pigments.

The use of HPLC also allows a rapid separation and quantification of up to 50 chloropigments
and carotenoids (Gibb ef al. 1998} This method is used to obtain information on the
taxonomic composition of phytoplankton communities and their biomass abundance (Gibb et
al. 1998). Moreover, HPLC has been applied to separate Mycosporine-like compounds,
MAAs, from marine organisms and to investigate if the induction of MAAs can be related in
a dose-dependent manner to UV-B exposure (Nakamura and Kobayashi 1982, Wood 1989,
Garcia-Pichel ef al. 1993). In addition, this method has also been utilised to investigate the
linear relationship between zeaxanthin content and the degree of photoinhibition following
varying doses of PAR in brown macroalgal species (Uhrmacher ar al. 1995). In this study
HPLC analyses were aiso used to further investigate if chlorophyll and carotenoid pigment

concentrations can be related in a dose-dependent manner to UV-B exposure in macroalgae.

1.3.2.3 Membrane damage

Cellular disruption causing membrane damage is partly the mode of action of several aquatic

herbicides, ozone, heavy metals and possibly UV. Determining the leakage of ions in plant or
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algal cells is a common method of assessing the extent of cell damage resulting from both
natural and anthropogenic stressors (Koch et al. 1995). Three groups of pollutants which
have membrane disruptive properties have been distinguished in the aquatic environment
(Watts and Moore 1988, Gulyas ef al. 1993). Group a) includes several aquatic herbicides
and peroxide-based bleaches which cause membrane disintegration by the generation of
oxygen radicals or loss of adenosine triphosphate (ATP) needed to maintain cellular integrity
(Macdonald ef al. 1993). Group b) includes organic solvents that interact with membrane
lipids because of their nonpolar nature. Group ¢) includes detergents that damage membranes
by disintegrating the lipid bilayer and by solubilizing membrane clonstituents (Marcomini et al.
1988). However, findings suggest that almost all severe damages on vital processes lead
inevitably to death of damaged cells and an increase in the plasma membrane permeability

(Axelsson and Axelsson 1987).

The method used in this work to investigate mambrane damage is based on the ability of
seaweeds to leak ions when placed in distilled water. Ton leakage is then measured as
electrical conductivity and a “health index” is calculated based on the ion loss. This method
has been modified by Axelsson and Axelsson (1987) from the original work of Gessner and
Hammer (1968). This method was found suitable to detect harmful substances in industrial
waste water (Axelsson and Axelsson 1987). Moreover, quantitative structure-activity
relationships, using ion leakage, have also been established for the effect of non-polar narcotic
alcohols in the green alga FE. intestinalis (Schild et al. 1995). Although research into
membrane damage caused by UV-B has been limited, it is known that the integrity of the
membranes is affected by UV-B (Murphy 1983, Koch ef al. 1995), and is due to a decrease in lipid

content and damage to membrane transport systems.
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1.3.2.4 Molecular biomarkers

The major advantage for utilising molecular biomarkers such as DNA damage and stress
proteins is that these responses are detected before adverse effects can be observed on the
individual or population level (Depledge 1994). The following sections describe the use of

DNA fingerprinting and Heat Shock 70 protein induction.

Random Amplification Polymorphic DNA fingerprinting

In the field of genotoxicity, advances in molecular biology have led to the development of a
number of selective and sensitive assays for DNA analysis. These assays include for example
DNA finger printing, RFLP (Restriction Fragments Length Polymorphisms) analysis and a
number of techniques, which rely on the amplification of DNA sequences using the
polymerase chain reaction (PCR). All these methods have the potential to detect DNA
damage by virtue of their ability to recognise changes in the structure of the DNA molecule

(Atienzar ef al. 1998).

Random Amplification Polymorphic DNA (RAPD) is a semiquantitative method which has
previously been used for genetic mapping, taxonomy, phylogeny (Welsh ef al. 1991) and
detection of wvarious kinds of DNA damage (Kubota etal 1992;

Peinado ef al. 1992; lonov et al. 1993; Savva 1996; Shimada and Shima 1998). This
technique does, however, also offer a useful procedure for the detection of genotoxic effects
of environmental stressors (Savva 1996). In short, the assay is based on an aliquot of isolated
DNA which is subjected to PCR and then detected by agarose gel electrophoresis. Next,
staining with ethidium bromide is performed to allow visualisation of the DNA under UV

irradiation. Following extraction of the genetic material, DNA template is amplified by using

29



one oligonucleotide primer of random sequence (Welsh es al. 1995). This method relies on
the comparison of amplification products from control (unexposed)} and exposed tissue DNA
template produced by oligonucleotide primers of random sequence (Welsh ef al. 1995).
Modification following UV radiation is represented by RAPD as either appearance or
disappearance of bands, which is a representative of UV induced DNA damage. The RAPD
assay has shown potential for detection of environmental chemicals (Savva 1996) and UV-

induced genetic damage (Atienzar ef al. 1998).

The extreme sensitivity of PCR ensures that only very small quantities of tissue are needed
and neither radioactivity nor chemical or enzymatic degradation of the DNA is necessary
(Grossweiner and Smith 1989). However, the sensitivity of the PCR method can also be a
potential drawback, in that minute quantities of contaminating DNAs may be amplified and
thus invalidating the fingerprint. The assay used in this study underwent careful optimisation

of reaction conditions to facilitate reproducible amplification profiles (Atienzar ef al. 1998).

Heat shock 70 protein induction

The cellular stress response is involved in protecting organisms from both natural and
anthropogenic stressors. It occurs when cells undergo changes in gene expression resulting in
the synthesis and accumulation of a suite of proteins referred to as stress proteins (Lindquist
1986). The cellular stress response is highly conserved, and has been found in all species
tested from bacteria to humans (Schlesinger et al. 1982). It is characterised by the rapid
synthesis of a small number of proteins, stress proteins, while a simultaneous inhibition of
norma! protein synthesis occurs. The stress proteins are heat inducible, and were for this
reason initially referred to as heat shock proteins. However, it has now been established that

stress proteins are involved in protecting organisms from damage related to exposure to a
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variety of both natural and xenobiotic stressors such as oxidative stress, heavy metals and
UV-B (Sanders 1990, Bauman et al. 1993, Bradley 1993, Dyer et al. 1993, Dohler ef al.

1995, Sanders and Martin 1994).

Four main heat shock families are evident according to molecular weight: 90, 70, 60 and 16-
24 kDa, which are termed heat shock protein (HSP) 90, HSP 70, chaperonin and low
molecular weight (LMW) stress proteins (Sanders 1993). The heat shock protein response is
a highly conserved genetic system. The gene for HSP 70 in humans is 73 % homologous to
the HSP 70 gene in Drosophila. (Bauman et al. 1993). The stress 70 family which is the
largest of the stress protein families has been extensively studied (Schlesinger et a/. 1990) and
a minimum of 21 proteins belonging to this multigene family have been characterised (Nover
1991). Members of the stress-70 family are located in the mitochondrion, chloroplasts,
nucleus and endoplasmatic reticulum (Vierling 1991). The biochemical function of the
constitutive forms which are expressed under normal non-stress conditions is primarily to bind
with target proteins to modulate protein folding, transport and repair (Sanders 1993). These
constituatively synthesised stress proteins play an important role in regulating protein
homeostasis and are often referred to as molecular chaperones (Beckmann et al. 1990,

Hightower 1993).

Under adverse environmental conditions the synthesis of HSP 70, 90 and chaperonin increase
and they take on additional roles such as repair of denatured proteins and protection of
cellular proteins from damage. It has been suggested that HSP 70 may be used as a biomarker
of sublethal toxicity (Sanders 1993). Moreover, several studies have investigated whether
heat shock proteins are mediators of heat-shock-induced UV-B resistance in human epidermal
keratinocytes (Maytin ef al. 1993, Trautinger ef al. 1995). However, less information is

available regarding the role of these proteins in algae (Miiller er al. 1992, Vayda and Yuan
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1994, Reith and Munholland 1991). Whether these proteins are induced in algae following

UV-B exposure without an initial heat shock treatment is largely unknown.

1.4 The use of macroalgae in aquatic ecotoxicology

Growing interest in the world-wide problem of marine pollution has recently focused attention
on the search for suitable biological indicators. With the exception of pesticide registration,
algal tests are rarely performed. For example, phytotoxicity tests are conducted less
frequently than acute toxicity tests with animal species (Fletcher 1991). Only 10 % of the
toxicity test results submitted for the Toxic Substance Control Act (TSCA) premanufacturing
notification process, contained phytotoxicity data (Benenati 1990). Although the use of
marine macroalgae as bioindicators has been neglected on the basis of some misgivings about
their insensitivity to pollutants (Jensen 1984), increasing attention has been paid within the
last 20 years to the potential use of macroalgae as pollution indicators and test organisms
(Thursby ef al. 1985). Macroalgae are a primary energy source for coastal ecosystems, they
play an important role in nutrient cycling, controlling water quality, and they provide habitat
and shelter for aquatic life. Thus, their ecological importance suggests that they should be
used in environmental assessment. Despite the recent use of some algal species in toxicity
testing, there are no standard procedures with regard to the use of macroalgae to date. Most
of the phytotoxicity information available to the regulatory community in the United States,
for example, is based on results for a few green freshwater algal species (Lewis 1995).
Recently, though, there has been a move in the US towards evaluating the toxicity of
contaminants on both micro- and macroalgae (Thursby ef al. 1993). The use of macroalgae in

such studies has recently been reviewed by Fletcher (1991) and prior to this by Levine (1984).
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Assessment of pollution levels, particularly heavy metal content of surface waters have been
determined by analysis of algal tissue (Hellenbrand 1978, Kelly 1989). Furthermore, several
workers have reported that certain species of macroalgae such as Ulva lactuca and
Enteromorpha spp. are good bioindicators of heavy metal pollution (Ho 1990, Say et al.
1990). Moreover, toxic effects of oils, Polycyclic Aromatic Hydrocarbons (PAHs) and
organic pollutants on marine macroalgae have been reported (Schramm 1972, Shiels et al.
1973, Hsiao ef al. 1978, Cross et al. 1987, Maroli et al. 1993). Although herbicides have not
been directly applied to the marine environment, they enter estuarine areas through river
discharge and runoff. The presence of these compounds in the marine environment has
recently received attention, as they affect non-target plants and algae through their mode of
action (Tietjen et al. 1991, Bester and Huhnerfuss 1993). Likewise, the assessment of
antifouling toxicity on non-target algae has been performed by several workers (Boney 1963,

Hopkin and Kain 1978).

Using macroalgae in pollution assessment has several intrinsic advantages. They are, for the
most part, sessile and can therefore be used to characterise or assess one location repeatedly
over time. Furthermore, the occurrence and abundance of macroalgal taxa has previously
been used successfully as an indicator of the general health of a particular marine habitat
{Levine 1984). Many seaweeds such as Enteromorpha intestinalis and Porphyra umbilicalis
are physiologically simple, and pieces cut from these plants will remain alive and regenerate
easily. Repeated sampling of algal tissues can be undertaken because of the relative ease
(compared to animals) with which they can be maintained and cultured in the laboratory
(Fletcher 1991). Algae are also eminently suitable for use in the most contemporary
biomarker approaches in which markers are employed not only to signal the extent of
exposure to anthropogenic disturbances but also to provide some measure of ecologically

relevant adverse effects. For example, the rapid growth and the different life history stages of
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macroalgae can be used as sensitive “end-points” of pollution stress (Levine 1984, Thursby er
al. 1985). Indeed, young spore-settling stages of algae have been used for antifouling studies,
and it has been considered that the reproductive cells, in particular, are the most suitable to
assess the toxicity of a biocide (Goodman and Russel 1977, Scanlan and Wilkinson 1987,
Fletcher 1991, Scarlett ef al. 1997). Macroalgae are the primary producers in the near shore
environment, and effects on this, the lowest level of the food chain, will have consequences in
other trophic levels (Joubert 1980). It has been concluded, that macroalgae are very suitable
organisms for the determination of the impact of toxic substances on the aquatic environment
(van Coillie et al. 1995). Reports that the reproductive stages of some rhodophyte
macroalgae are more sensitive to pollutants than some of the most sensitive test animals will

no doubt promote their future use as experimental test organisms (Thursby ef al. 1985).

1.4.1 Choice of macroalgal species

Over 5000 macroalgal species, distributed in the green, brown and red algal groups exist
world-wide (Grant 1963). Despite this large number of macroalgae available, surprisingly few
species have been used as experimental test organisms. In many cases the choice of
experimental alga has been largely determined by its ecological dominance in habitats of
particular interest. Alternatively, the choice of alga has reflected its ease of laboratory culture
and handling (Levine 1984). For this reason a popular choice has been to use the
Enteromorpha spp. (Furtado and Fletcher 1987, Fletcher 1989, Schild er al. 1995, Lewis
1997, Scarlett ef al. 1997). Some algae are used because of their apparent sensitivity to
pollutants (North and James 1987, Thursby ef al. 1985). Red macroalgae (Rhodophyta) have
also been utilised in pollution assessment studies, because they, in terms of species
composition, make up the largest component of seaweed communities (Levine 1984). Red

algae can also contribute the majority of biomass in the subtidal habitat. Enteromorpha
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intestinalis, Palmaria palmata and Porphyra umbilicalis were chosen as test organisms in the

different investigations throughout this thesis for a number of reasons which are explained

below.

1.4.2 Selected aspects of the ecology and reproduction of Enteromorpha

intestinalis

Enteromorpha intestinalis has previously been referred to as an ideal marine bicassay test
organism, in that it is cosmopolitan in distribution and 1s found in differing coastal habitats,
both open and sheltered, marine and estuarine, polluted and unpolluted (Fletcher 1989). In
temperate regions, maximum abundance of Enteromorpha intestinalis occurs in the spring
and early summer periods. Enteromorpha spp are opportunistic, intertidal colonisers, which
can be found exposed on rock or in tidal pools. Enteromorpha spp. are also common on
sheltered, tidal mud and sand flats, and in harbours and estuaries polluted with sewage
effluent (Fletcher 1991). E. infestinalis was chosen in several experiments throughout this
work as an example of an intertidal, opportunistic green seaweed species. Furthermore, it
provided a rapid, reproducible test method and it was possible to successfully maintain
cultures in the laboratory. E. infestinalis was also the chosen species in the reproduction
experiments described in Chapter 6, because of the relative ease with which spore release and
the subsequent germination could be controlled in the laboratory. Since E. intestinalis is a
common fouling alga and therefore “provides a realistic test for antifouling compounds”
(Furtado and Fletcher 1987, Fletcher 1991), it was chosen in Chapter 7 to investigate the
toxicity of the antifouling compound, Irgarol 1051, during simultaneous exposure to UV-B

irradiance.
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Germination of the zygote produces a diploid thallus, morphologically and anatomically
identical to that of the haploid gamete-producing plants. However, on these diploid plants

zoosporangia are formed.

In contrast to the gametes, the haploid zoospores are produced after an initial meiotic division
in the zoosporangia. After release the zoospores settle directly on to the substrata and
germinate into haploid male and female gametophytic plants. Thus, the life history can be
summarised as an isomorphic alternation of generations (alternation of asexual and sexual
reproduction from one generation to the next) with the gametophyte producing the
biflagellate gametes and the sporophyte producing the quadriflagellate zoospores (Fig. 1.8). It
should be noted, however, that there are deviations from the life cycle described above; often

the cycle is not completed in full.

1.4.3 Selected aspects of the ecology of Palmaria palmata.

Palmaria palmata (L.) belongs to the family Palmariaceae within the order of Palmariales of
the class Rhodophyceae in the division Rhodophyta (Silva and Moe 1994). P. palmata which
i1s largely subtidal can be found in rock pools and up to a depth of 20 m in both sheltered and
moderately exposed areas. It can generally be found throughout the British Isles, and it is
distributed from Arctic Russia to Portugal, the Arctic Canada to California in the USA and in

Japan and Korea (Irvine 1995).

P. palmata forms a holdfast and is simple below with the blade gradually expanding above,
dichotomously or palmately (i.e. shaped like a hand) divided into broad segments (Figure
1.9) The total length is between 50-100 cm and the width ranges between 3-8 cm. The

colour is purplish red. P. palmata was chasen in several experiments throughout this work as
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P. umbilicalis was chosen in several experiments throughout this work as an example of an
intertidal red seaweed species. It proved to be eminently suitable to investigate adaptive
mechanisms in response to UV-B radiation. Furthermore, it could be readily cut into pieces
and was successfully maintained in the laboratory for long periods of time. This species was
also used as an example of a non-target rhodophyte species in investigations of the toxic

effects of Irgarol 1051.

1.5 Aims & approaches

In the previous sections general aspects of ozone depletion and the contamination of the
marine environment with organic compounds have been outlined. As coastal regions often act
as sinks for industrial and agricultural compounds, it has been emphasised in the previous
sections that elevated UV-B must be regarded as an additional stressor. It has also been
pointed out that macroalgae generally are permanently attached and as such may be very
vulnerable to elevated UV-B and to anthropogenic contamination (Fletcher 1991, Hider et al.
1995). Macroalgae are vital primary producers in the near shore ecosystems, play an
important role in nutrient cycling and provide habitat and shelter for aquatic life (Houghton
and Woodwell 1989, Hader et al. 1995). However, despite their significance, relatively
limited data, compared to phytoplankton, is available on UV-B effects on macroalgae, and
very little attention has been focused on their use in toxicity testing (Lewis 1995, Franklin and
Forster 1997). Moreover, almost nothing has been published concerning the effects of
elevated UV-B on the early life stages of algae, despite the evidence that the reproductive
cells are particularly sensitive to marine pollutants, and that springtime increases in UV-B
coincide with increased production of the reproductive cells (Thursby ef al. 1985, Scanlan
and Wilkinson 1987, Fletcher 1991). The biomarker approach, of finding suitable responses

from lower levels of biological organisation which can anticipate and predict effects of

41



xenobiotic compounds, is now a widely used concept in ecotoxicology. However, less
information is available in photobiology regarding responses which can be utilized as early

warning signals of exposure to elevated UV-B irradiance.

To evaluate the ecological implications of continued springtime UV-B stress on macroalgae,
research efforts need to focus on i) finding indicators which can act as early warning signals to
effects of elevated UV-B radiation, ii) investigating the effects of UV-B on the early life
stages of algae and iii) assessing the interactive effects of UV-B radiation and xenobiotic

pollutants. To this end, the overall aims of the studies in this thesis were to:
a ) investigate the suitability of several molecular and physiological parameters as biomarkers
of UV-B exposure and/or effect in marine macroalgae, and to relate these physiological

parameters to consequent biological effects measured as growth rate.

b) assess differences in susceptibility to UV-B radiation of several macroalgal species from

habitats which differ with regard to solar UV and PAR irradiation levels.

c) estimate the relative sensitivity of the reproductive unicells of E. intestinalis to UV-B

exposure.

d ) examine interactive effects of UV-B radiation and the antifouling compound, Irgarol 1051,

using selected biomarkers on both target and non-target macroalgal species.
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The following approaches were applied:

* A validation of UV-B measurement procedures ise included in Chapter 2 with special
emphasis placed on the procedures used throughout this thesis.

* Laboratory experiments were conducted to investigate the suitability of 1#n vivo chlorophyll
fluorescence and in vivo absorptance spectra as non-destructive physiological biomarkers of
UV-B exposure. Dose-response relationships between these parameters and varying UV-B
irradiances were established for several macroalgae species in Chapters 3. Furthermore, UV-B
induced membrane damage was also assessed by measuring the extent of ion leakage (Chapter
3).

* An experiment was performed in Chapter 4 using HPLC to identify and quantify chlorophyll
and carotenoid pigments in several macroalgal species.

* Responses to UV-B exposure on the molecular level were investigated by measuring DNA
damage and the induction of HSP 70 (Chapter 5).

* The potential effects of UV-B radiation on the reproductive cells of E. infestinalis were
investigated in Chapter 6.

* Finally, the effects of simultaneous exposure to UV-B radiation and the antifouling
compound Irgarol 1051 were examined using selected biomarkers on both a fouling alga

(Chapter 7) and two non-target algal species (Chapter 8).
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CHAPTER 2

VALIDATION OF UV MEASUREMENT PROCEDURES

Broad-band UV-sensors in laboratory and field based experiments are used world-wide
(Karentz et al. 1991b, Middleton and Teramura 1993, Quesada 1995, Dring ef al. 1996a,b),
as they are relatively inexpensive and easy to operate compared to spectroradiometers.
However, a major disadvantage of these sensors is their lack of spectral information. To
facilitate comparison of results between different experiments and laboratories, it is necessary
to calibrate these broad-band sensors against a pre-calibrated spectroradiometer. To achieve
and maintain a reliable absolute calibration of the spectroradiometer, it must regularly be
calibrated against a standard source of spectral irradiance, such as deuterium and tungsten
halogen lamps (Tiig and Baumann 1994). These, in turn, should be calibrated by proficient
national laboratories such as the National Physics Laboratory {(Bais 1997). Special care was
taken throughout this study to calibrate the broad-band sensors against a pre-calibrated
spectroradiometer, as described below. Moreover, estimates of uncertainties and variations in
UV irradiance are listed. Filter material chosen for UV experiments is described and details on
how to calculate the correlation factor between unweighted and weighted UV-B values are

given.

2.1 UV measurements

Throughout this thesis UV-B was supplied by preburned UV-B tubes (Philips TL> 20W/12
RS™) and UV-A by UV-A tubes (Philips 1609™ 15 W). UV-A was always kept constant

and independent of the UV-B irradiance, which was changed by adjusting the height of the
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UV-B tubes. Figure 2.1a depicts the emission spectra of UV-B and UV-A from UV tubes
fitted with 35 pm cellulose diacetate foil, and UV-B tubes fitted with Mylar 125 D (please
refer to paragraph below for more details about filters). Photosynthetically Active Radiation
(PAR) was supplied throughout by fluorescent PAR tubes, Phillips TLD 32W/83 HF™ and
all indoor exposures were performed in growth cabinets. Figure 2. 1b shows the PAR emission

spectrum.

UV irradiance was measured routinely with UV-A (MP-236) and UV-B (MP-229) cosine
sensors (MicroPulse Technology Ltd). The calibration of these sensors was performed against
a double monochromator spectroradiometer (model SR 9910™ Macam Photometrics Ltd.)
inside the growth cabinet, identical to the experimental set-up. Errors related to calibration of
the spectroradiometer such as wavelength calibration, signal linearity, temperature
dependence, long-term stability, repeatability, sensitivity and dynamic range (Bais 1997) were
minimised by using a double monochromator which was calibrated by an experienced
physicist from Macam Photometrics. The calibration of the spectroradiometer was performed
with a deuterium and tungsten halogen lamp, which in turn was calibrated by the National
Physics Laboratory. The calibration of the broad-band sensors was performed before and after

experiments on several occasions by the operator from Macam and by the author.

The ideal broad-band sensor of the kind used here, will measure one spectral range with a
rectangular spectral sensitivity (adapted from Blumthaler 1997). Such broad-band sensors use
combinations of filters to achieve a shape of the spectral sensitivity as close as possible to a
rectangle. This means that all wavelengths within the range of sensitivity are measured with
their true weight, and that there is no contribution to the total signal from wavelengths
outside this range. This was not quite the case with the broad-band sensors used in these

studies since this would result in 1:1 correlation between the calibrated spectroradiometer and
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the cosine sensors. Correlations between measurements made by the spectroradiometer and
the cosine sensors are presented in fig. 2.2. The fitted models used to calculate the actual UV-
B and UV-A output, as measured by the spectroradiometer, are included in the figures. PAR
was measured with a PAR meter connected to a quantum sensor (model SKP 200, Skye

Instruments Ltd) and calibrated on several occasions by the manufacturers.

Prior to the various experiments, measurements of UV-B, UV-A and PAR irradiances were
made at 9 different points, approximately 12 cm apart, covering the entire area where the
algal material was placed during the UV exposure. The irradiance was then calculated as an
average. Standard deviations, calculated as a percentage of the average irradiance, measured
in a particular experiment, are listed in Table 2.1. Moreover, throughout the experimental

period, measurements were made to investigate changes in lamp output (Table 2.1).

2.2 Filters

UV light was filtered with 35 pm cellulose diacetate foil (AC Converters Ltd.) which showed
0 % transmission below 286 nm (UV-C), (fig. 2.1a). For the control thalli UV tubes were
covered with 125 pm Mylar 125 D (DuPont Ltd) which showed 0 % transmisston below 320
nm (i.e. filtering out UV-B). Thus, control treatments in all experiments throughout this thesis
consisted of no UV-B, but identical UV-A and PAR irradiance levels to the UV-B treatments.
However, since UV-B radiation is naturally present in the environment, the ambient level of
UV-B, corresponding to the month of the experiments, was always included for comparison
as a separate treatment. Transmittance of the filters was measured before and after the
experiments with an ATI Unicam UV/Vis spectrophotometer, which can measure
transmittance above 230 nm. The filter material was placed in a Labsphere (RSA-UC 40™) a

diffuse reflectance and transmittance accessory, inside the spectrophotometer. Filters were
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replaced at least every 10 hours and within this time period the filters caused no change in
emission spectra of the tubes, as measured by the double monochromator spectroradiometer.
A decrease in total irradiance, between 5 - 10 % (maximum 30 % as measured on one
occasion), was compensated for by adjusting the height of the UV tubes. Filter ageing has

also been reported by others (Middelton and Teramura 1993).

2.3 Calculation between unweighted and weighted UV-B irradiance and

dose

Throughout this thesis the generalised plant response action spectrum, PAS (Caldwell 1971)
has been used to calculate weighted UV-B irradiances, doses and equivalent estimated
percentage ozone depletion. This action spectrum has been chosen to permit comparison with
other work in the UV field. Using the computer model of Bjém and Murphy (1985) the ratio
between PAS and the unweighted solar UV-B irradiance and dose range was between 0.07
and 0.18 for Plymouth (50°22° N latitude and 4°17° W longitude). This ratio changes
seasonally, and is highest during the summer months, when there is relatively more shorter
wavelength UV-B. The comparable ratio under TL 40 UV-B tubes filtered with cellulose
diacetate for both UV-B irradiance and dose is 0.282 + 0.00466 (mean + SE). This ratio was
calculated from PAS weighted and unweighted measurements made by the spectroradiometer.
The unweighted UV-B irradiances and doses throughout the experiments were multiplied

with this ratio to obtain comparable PAS 300 weighted values.
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CHAPTER 3

EVALUATION OF CHLOROPHYLL FLUORESCENCE, IN VIVO
SPECTROPHOTOMETRIC PIGMENT ABSORPTANCE AND ION
LEAKAGE AS BIOMARKERS OF UV-B EXPOSURE IN MARINE

MACROALGAE.

3.1 ABSTRACT

A comparison of seven common species from the intertidal and subtidal zones at Wembury beach
revealed that the subtidal Palmaria palmata was the most sensitive alga to UV-B radiation. The
ratio F, / Fn, in vivo absorptance spectra and ion leakage were evaluated as biomarkers of
ambient and elevated UV-B exposure in Enteromorpha intestinalis and P. palmata.
Measurements of thallus growth were also used to assess adverse biological effects.

Ambient and elevated UV-B significantly inhibited photosynthesis in both species. It was
shown that the F. / F,, ratio is a sensitive, non-specific general biomarker of UV-B exposure
in both species. Moreover, in vivo absorptance of what was tentatively identified as
chlorophyll @, phycoerythrin and/or carotenoids, as well as phycoerythrobilin and phycocyanin
decreased in a dose-response dependent manner and was associated with a decrease in growth
rate in P. palmata. The intertidal alga F. intestinalis showed a greater degree of tolerance to
UV-B exposure.

These results indicate that reductions in - and recovery of optimal quantum yield (F, / Fq,
ratio), together with changes in in vivo thallus absorptance, and inhibitions in growth rates,
could provide an early quantitative warning of the detrimental effects of UV-B in marine

macroalgae.
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3.2 INTRODUCTION

Stratospheric ozone depletion, resulting from the release of anthropogenic
chlorofluorocarbons (CFCs), is associated with increased UV-B irradiation (280-315 nm) of
the earth’s surface (Frederick 1993, Kerr and McElroy 1993). Even with strict international
controls on the use of CFCs, ozone depletion is predicted to continue well into the next
century (NASA Reference Publication 1990), affecting both Antarctica (Farman et al. 1985)
and the northern hemisphere (Stone 1993). In this context investigations into the effects of
enhanced UV-B radiation on phytoplankton and macroalgae is of great importance, since
these vital primary producers form the basis of aquatic food webs (Houghton and Woodwell
1989). Macroalgae in particular are major primary producers in near-shore and intertidal
ecosystems. Rates of productivity are comparable with those measured in the most productive

terrestrial ecosystems (Mann 1972a,b, Duggins ef al. 1989).

The biomarker approach has been used extensively by ecotoxicologists for detecting exposure
to and effects of environmental contamination during the past decade (Depledge 1989,
McCarthy and Shugart 1990, Fossi and Leonzio 1994). Biomarkers raise the possibility of
determining where an organism lies on the health status curve (Depledge 1989). Thus, they
potentially provide an early warning of pollutant or UV-B induced reversible departures from
homeostasis, or signal the triggering of compensatory biochemical and physiclogical
responses (please see Section 1.3 for more details). The simultaneous use of more than one
biomarker enhances the detection of effects since different biomarker responses are induced at
different stages of the plant or organism’s health status curve (Depledge 1994). This clinical
approach is comparable to that used in human medicine (Peakall 1992). Biomarkers can be

identified that indicate exposure to stress (general non-specific biomarkers), specific
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categories of stress (natural or related to pollutant exposure), and specific types of stressors
(such as acetylcholinesterase inhibition following exposure to organophosphate pesticides).
The biomarker approach has proven especially useful when these responses can be linked to

changes in Darwinian fitness parameters (Depledge 1989).

The emphasis to date in photobiology has been to establish a correlation between ozone
depletion and elevated UV-B. Action spectra and weighting functions have also been derived
(Caldwell 1971, Cullen et al. 1992). However, finding biochemical, cellular or physiological
responses which can be related in a dose dependent manner to UV-B exposure, and therefore
act as early warning signals to changes in UV-B levels, has less frequently been attempted
(Campos at al. 1991, Cullen and Lesser 1991, please see Section 1.3 for more details). If
these early waming signals can be identified they might be used to signal a change in
biological fitness that may have consequences for entire populations.

The aims of this study were to,

a) compare the sensitivity of selected species of macroalgae from different tidal heights.

b) investigate the suitability of chlorophyll fluorescence, changes in in vivo pigment
absorptance and ion leakage as biomarkers of UV-B exposure in marine macroalgae.

c) to relate these physiological parameters to consequent biological effects measured as

growth rate.

3.3 MATERIALS & METHODS

Algal collections

Several intertidal and subtidal macroalgae species from the divisions Chlorophyta and

Rhodophyta were collected at low tide from Wembury on the South West coast of Devon,
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UK (50°22' N latitude, 4°17° W longitude) in February (sea water temperature: 5 °C) and in
June (sea water temperature: 10 °C). The algal material was collected by cutting at the base of
thalli which were attached to the substratum. The thalli were harvested 24 hours before the
experiments and kept in filtered sea water at constant temperature (15 °C) and in low light
conditions (25 pmol m? s, fluorescent tubes, Phillips TLD 32W/83 HF™) in growth
cabinets. All algae were kept in 12:12h light:dark regime except Ulva lactuca and
Enteromorpha intestinalis which were kept under constant light and no nutrients were added

to avoid sporulation.
UV treatments and experimental design

Thalli of all species, cut to an approximate length of 3 cm and covered to a depth of 1.5 cm
with filtered sea water, were exposed in open Petri dishes. PAR and temperature conditions
were identical to those in the acclimatisation period. UV-B was supplied by two UV-B tubes
(Philips TL 20W/12 RS™) and UV-A by two UV-A tubes (Philips 1609™ 15 W). UV-A
was kept constant at 1.3 W m™, which is approximately 4 times less than that calculated at
50° tatitude (Cornwall) in December (personal comm., Dniscoll ef al. 1992). This was held
independent of the UV-B irradiance. UV-A radiation was included in the exposures in view of
the finding of Middleton and Teramura (1993) that it modifies the effectiveness of UV-B
radiation for several plant characteristics. For instance, UV-A has been found to be part of
photorepair and photoprotection (Beggs ef al. 1985).

UV irradiance was measured routinely with UV-A (MP-236) and UV-B (MP-229) cosine
sensors {MicroPulse Technology Ltd), which were calibrated in the experimental light field
against a double monochromator spectroradiometer (model SR 9910™, Macam Photometrics
Ltd) (please see Chapter 2 for more details). PAR was kept low and consta;lt during the

entire experimental period at an similar irradiance to the acclimatisation period. PAR was
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measured with a PAR meter connected to a quantum sensor (model SKP 200™, Skye
Instruments Ltd) and calibrated by the manufacturers. The UV and PAR measurements and

the choice of lamps described here were used throughout this thesis.

For UV-B treatments, the following unweighted irradiances were measured with varying
exposure times: 0.2, 1.4, 2.6, 3.6, 86, 9.0, and 127 W m’ (equivalent to weighted
irradiances of 0.06, 0.4, 0.7, 1.0, 2.4, 2.5 and 3.6 W m>, calculated according to the
generalised plant response action spectrum, PAS 300, Caldwell 1971). The weighted
irradiances correspond to: ambient irradiance in March, 20 %, 32 %, 34 % ozone reduction
respectively and between 35 and 36 % ozone reduction for the last three irradiances. Both
weighted irradiance and ozone depletion levels were calculated at Plymouth (at an air
pressure of 1000 mbar, relative humidity of 0.5 and aerosol level of 0), at noon 12.00 of the
15.07.97 during clear sky conditions using the computer model Bjom and Murphy (1985).
The relatively high values of UV-B irradiance were chosen to investigate the entire range of
the dose-response curves. The different UV-B irradiances were obtained by adjusting the
height of the UV-B tubes above the thalli. UV light was filtered with 35 micron cellulose
diacetate foil (AC Converters Ltd.) which showed 0 % transmission below 286 nm (UV-C).
For the control thalli UV tubes were covered with Mylar 125 D (DuPont Ltd) which showed
0 % transmission below 320 nm (i.e. filtering out UV-B). Transmission of the filters was
measured before and after the experiments with a ATI Unicam UV/Vis spectrometer. The
filter matenal described above was used throughout the thesis. Where reference to UV-B
irradiance or dose is made in this and subsequent chapters, unweighted values have been used,

unless specifically stated otherwise.
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Measurements of chlorophyll fluorescence induction

In vivo chlorophyll fluorescence was measured with an non-modulated Plant Efficiency
Anatyser™ (Hansatech Instruments Ltd). The ratio F, / F, was determined before,
immediately after, 24 and 48 hours after UV exposure. F,, 1s the maximal fluorescence in the
dark adapted state i. e. when all reaction centres are closed (reduced). Fo is the initial
fluorescence in the dark adapted state i. e. when all reaction centres are open (oxidised) and
F, is the variable fluorescence calculated as Fn - Fy. Before the measurements the thalli were
dark-adapted for 10 min to ensure an oxidised electron transport chain. Prolonged dark
adaptation (25 min) showed no change in Fo and F,. The fluorescence was initiated by 1 s red
light pulses with a peak wavelength of 650 nm and an irradiance of 3000 pmol m™ s
Illumination was provided by an array of 6 high irradiance light emitting diodes (LEDs,
Hansatech Instruments Ltd) which were focused onto the thallus surface to provide even

illumination.

In vivo spectrophotometric measurements

Algal pigment absorptance spectra were measured in vivo at room temperature to avoid
hypsochromic shifts. The samples were placed in a Labsphere (RSA-UC 40™), a diffuse
reflectance and transmittance accessory, inside the UV/Vis spectrophotometer (Unicam).
Thallus transmittance and reflectance spectra were recorded for both species before exposure
(0 hour), immediately after, 24 and 48 hours after an initial 3 hours of exposure. The tissue
samples were placed in the sphere and a baseline measurement was performed for each
thallus. A hght trap was placed behind the sample to avoid scattering. All spectra were
gathered with 4 nm bandpass from 215 to 830 nm. To obtain the percentage absorptance
spectra the following equation was used
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% absorptance = 100% - ( % transmittance + % reflectance)

Ion leakage measurements

lon leakage was measured using a modified version of the method of Axelsson and Axelsson
(1987). One g tissue of L. intestinalis and 0.4 g of P. palmata were used for each replicate,
which was split into duplicates to investigate method variation. An average variation of ## 10
% was found. Ion leakage was measured as electrical conductivity with a Corning 220
conductivity meter at room temperature. The tissue was rinsed very quickly in 50 ml ultra
pure water and transferred to 25 ml ultra pure water (sample 1). After 2 minutes the tissue
was drained quickly and transferred to a second beaker containing 25 ml ultra pure water and
boiled for 5 minutes (sample 2). The conductivity of both samples was measured at room
temperature and the “Health Index” was calculated on the basis of the ion loss as:

Sample 2 / (Sample 1 + Sample 2) expressed as percentage.

The minimum value obtained from dead thalli by boiling the tissue in instant ocean for 5 min
and then leaving it to equilibrate in instant ocean for 30 min was 20 % (Schild et al. 1995).
Health Index values for healthy algae were: 60 % + 1.3 % for E. intestinalis and 80 % + 1.2

% for P. palmata.

Growth measurements

The physiological variables were related to differences in thallus growth by daily
measurements of the projected thallus areas on a Quantimet 570 Automatic Image Analyser
during a two week period. This image analysis system consisted of a MOS camera (Hitachi,
VK-CI150ED™), fitted with a 55 mm lens. The process of image capture, image processing

and measurements was programmed using QBASIC the command language of the Quantimet.

57



Distance and light intensity were calibrated prior to measurements. This procedure was used

in the different experiments throughout this thesis.

Statistical analysis

Statistical analyses were conducted using StatGraphics 6.1. Species difterences in F, / F,, were
tested in one-way ANOVAs. For F,/ F,, data in all other experiments, the spectrophotometric
measurements and growth data, sequential sampling of each thallus at all time periods was
performed so each thallus could act as its own control. Inter-individual variability was thus taken
into account in the statistical analysis. A multivariate analysis of variance for repeated
measurements was applied. A repeated measures design differs from normal ANOVAs in that the
different times are not independent. The special Huynh-Feldt (H-F) condition must, therefore, be
fulfilled before the test can be correctly applied (Milliken and Johnson 1984). If the above test
showed both significant differences between groups and an overall significant time-treatment
interaction, Bonferoni tests were conducted (calculated according to Milliken and Johnson 1984)
to find where significant differences occurred. A random design was chosen to analyse ion leakage
data and statistically tested by performing one-way (single factor) analysis of variance (ANOVA).
Tukey's HSD test was used to reveal statistical differences. The underlying assumptions of any
parametric test of normal distbution, independence within and between groups, and equal
variances were checked each time, for all experiments throughout this thesis before conducting the

analyses.

Growth data were analysed using multiple regression analysis (performed according to Mendenhall
and Sincich 1989, Ricketts 1995). The Relative Growth Rate = (log. A, - log. Ag) / T, - Ty, where
Ay, Ag = area at two times (T), is equal to the slope of the regression lines, determined on log

transformed data (Hunt 1978).
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3.4 RESULTS

Measurements of chlorophyll fluorescence

Seven common species from the intertidal and subtidal zones at Wembury beach were exposed to
unweighted UV-B irradiance of 1.7 W m™ | and an unweighted UV-A irradiance of 1.4 W m”
for a 3 hour period (fig. 3.1). F, / F, ratio of Chondrus crispus, Porphyra umbilicalis
(Rhodophyta) and Fnteromorpha intestinalis (Chlorophyta) were almost unaffected by UV
radiation compared to unexposed controls. The most affected species was the subtidal alga
Palmaria palmata with a reduction of 65 % in F, / F, ratio. For more detailed investigation,
described below, E. intestinalis was selected as an example of a tolerant green alga and P. palmata

was selected as a very sensitive red alga.

In fig. 3.2a and b significant decreases in F, / F, ratio were found for all UV-B irradiances at
almost all exposure times for both E. intestinalis and P. palmata. After 3 hours exposure to
unweighted UV-B irradiance of 2.6 W m?, a 50 % decrease compared to pre-exposure values
was found for L. intestinalis and 75 % for P. palmata. Following 1.5 hours exposure to
unweighted UV-B irradiance of 12.7 W m? a decrease of 75 % in F, / F,, was found for E.
intestinalis and 80 % for P. palmata. These results presented in Figure 3.2c and d as dose-
response curves, show an exponentially decreasing relationship between UV-B dose and the
F, / F, ratio for both species. One curve was fitted for each species and one equation was

calculated as a mean of all the points.

A similar experiment performed in June showed recovery to control F, / Fy ratio for £

intestinalis afier an initial 3 hours of exposure to all UV-B irradiances tested (fig. 3.3a).
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However, for P. palmata (fig. 3.3b) an 18 % recovery to 25 % of the pre-exposure value was

only found for the lowest irradiance after 48 hours.

To investigate the effect of using different action spectra on doses from an artificial UV-B
source the data for P. palmata, presented in fig. 3.2b, were expressed both in absolute doses
of several weighting functions (fig. 3.4a) and relative to the maximum July dose calculated for
Plymouth (fig. 3.4b). The following action spectra were chosen in fig. 3.4a: PAS 300 which is
Caldwell’s generalised plant action spectrum, normalised to 300 nm; Quaite, Sutherland and
Sutherland’s (1992) action spectrum for DNA damage in intact alfalfa seedlings; the whole
plant action spectrum of Steinmiiller (in Caldwell er al. 1995); Thimijan which is a modified
mathematical fit to Caldwell’s generalised action spectrum where a UV-A tail is incorporated,
Erythemal which is the standard CIE erythemal (sunburn) action spectrum (Mckinlay and

Diffey 1987).
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Spectrophotometric measurements

The in vivo absorptance spectrum for L. intestinalis (fig. 3.5a) demonstrates the presence of
chlorophyll a and chlorophyll b as evidenced in absorptance at approximately 440 nm and 680
nm, and 470 nm and 657 nm, respectively. The broad shoulder at approximately 490 nm is
assigned to B-3 carotene, lutein and xanthophylls in Chlorophyta (Britton 1984, please see
also Chapter 4.2 for further identification and quantification of the different chlorophylls and
carotenoids). However, no decrease in absorptance at any irradiance or time interval
occurred. In contrast, a highly significant decrease in absorptance was found for P. palmata
48 and 72 hours after 3 hours exposure to 2.6 W m? (fig. 3.5b), (p<0.001, Multiple
ANOVA). Moreover, a profound decrease in absorptance was observed immediately after 3

hours exposure to 9.0 W m™ (fig. 3.5¢), (p<0.001, Multiple ANOVA).

Figure 3.6 shows for P. palmata, 48 hours after UV-B exposure, that the greatest decreases
in absorptance occurred at 498 nm (characteristic of the phycourobilin chromophore of
rhodophycean phycoerythrin and/or carotenoids) and at 568 nm (charactenstic of the
phycoerythrobilin ~ chromophore of phycoerythrin (Smith and Alberte 1994)). The
absorptance maxima at 436 nm and 678 nm are attributable to the presence of chlorophyll a
(Smith and Alberte 1994) and the band at 626 nm probably arises from phycocyanin (Kursar
and Alberte 1983) (please see Chapter 4.2 for further identification and quantification of the
different chlorophylls and carotenoids). The peak at 336 nm may arise from mycosporine-like
amino acids such as porphyra-334 (peak at 334 nm), shinorine (peak at 334 nm), and / or

glycine:valine (peak at 335 nm) (Karentz e/ al. 1991a).
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Ion leakage measurements

A general decrease in Health Index compared to the control value was found for P. palmata
24 hours after exposure to relatively high UV-B irradiances (unweighted UV-B of 8.6 W m?),
and 48 hours after exposure to unweighted UV-B irradiance of 3.6 W m? and 8.6 W m”
(Table 3.1, p<0.001, ANOVA). No significant decrease in Health Index were found for E.

intestinalis.

Growth measurements

Highly significant reductions in growth rate, measured as % area increase of thallus, were
found for P. palmata at 1.4 W m™ (unweighted dose of 15.1 kI m™) and for E. intestinalis at
9.0 W m? (unweighted dose of 97.2 kI m?) compared to controls (fig. 3.7), (p<0.001,
multiple regression). Growth data for P. palmata were analysed statistically until day 11, as
the growth rate approached zero after this day. This plateau was thought to be due to the
artificial growth conditions in the laboratory. Growth rate for the exponential equation for P.
palmata control was a = 0.009 as opposed to a = 0.005 for the treated group (p<0.001). For
E. imtestinalis, the growth rate for the exponential equation control group was o« = 0.018 as

opposed to o = 0.008 for the treated group (p<0.001).

68



Table 3.1. Enferomorpha.infestinalis and ‘Palmaria Palmata. Ton leakage. calculated as;
Health index for thalli 24: and 48 h after an initial 3 h exposure to différent UV:B,
irradiances. ** indicate significant differences'between UV-B treatments and contrl

group {(p<'0:001;n:=5);

UV-B irradiance Health:index (%)
Unweighted - - -
W m?) Prior to 24 h after: 48 h after

~ exposure exposure ~iexposure

Enteroniorphaiintestinalis

Control 519 50.4: 47.2

2.6 5519 53,6,

356 57.0 54.6

8.6 56.5 52.3
Dead thalli 20.0

Palmaria palmata

Control 86.9 84.8 86.1

2.6 - .80.7 83.0

3.6 80.8 73.5(*%)
8.6 - 46.2 (**), 53.2 (**)
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3.5 DISCUSSION

It has been shown in this study that F, / F, ratio is a sensitive general biomarker which responds in
a dose-response dependent manner to exposure to UV-B (fig. 3.2). Furthermore, species-
specific changes in F, / F,, ratio were found, with P. palmata exhibiting the greatest reductions
(fig. 3.1). Such species-specific patterns have also been observed by others in response to UV
(Dring et al. 1996a) and during photoinhibition by high irradiances of white light in green and red
algae (Hanelt ef al. 1992, Herrmann ef al. 1995). In addition to visible light, solar UV radiation is a
strong environmental stress factor which modifies the photosynthetic activity of both plants and
algae. In several species of marine benthic algae and phytoplankton, UV-B exposure affects several
targets in photosynthesis. UV-B impairs the D1 protein associated with photosystem II, which
results in a decrease of the noncyclic photosynthetic electron transport (Renger ef al. 1989, Tevini
et al. 1989, Franklin and Forster 1997 and references therein). Furthermore, the water splitting site
of Photosystem II, and the reaction centre of photosystem II can be damaged (Bhattacharjee and
David 1987, Bhattacharjee et al 1987). Herrmann et al. (1995) found decreased F, / Fy, levels
both in macroalgae exposed to solar PAR alone and in algae exposed to solar UV-B and
PAR, and were therefore unable to isolate the cause for the decreased chlorophyll
fluorescence. Moreover, Helbling ef al. (1992) concluded that UV-A radiation accounted for
over 50 % of the photoinhibition caused by total solar UV. However, in this study the linear
relationship between time of exposure and F, / Fy, values in the control group (low PAR and
low UV-A) indicates that the decreases in the treated groups were due to UV-B exposure

alone.

Bjorkman (1987) and Demming and Bjorkman (1987) reported that a decrease in F,/ Fy, ratio was
linearly related to a decrease in the optimal quantum yield of photosynthesis. In this study,

decreased F, / F,, and also F, (data not shown) with no recovery, and reduced growth rates clearly
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showed irreversible damage to PSII in P. palmata. Similar results of decreased F, values in
chloroplasts and leaves of higher plants have been reported (Bjom ef al. 1986, Renger ef al.
1986). Trocine ef al. (1981) found that gross photosynthesis is sensitive to UV-B, and Larkum and
Wood (1993) concluded that F, may be used as an indicator of UV-B inhibition. This study
confirms these results. In addition, the finding of decreased F, / F,, afier 1.5 hours exposure to an
UV-B unweighted irradiance of 0.2 W m™ (equivalent to ambient irradiance at 12.00 in March)

in P. palmata (fig. 3.2) clearly indicates the sensitivity of this parameter to UV-B.

Predictive dose dependent relationships between F, / F,, and UV-B exposure were measured in
both P. palmata and E. intestinalis. Photonhibition which is a reversible process that only
inactivates PS 1I for limited time periods, is also associated with decreases in optimal quantum
yield (Franklin and Forster 1997). Photoinhibition can therefore be regarded as a compensatory
response, a protective mechanism belonging to the compensatory zone (please see Section 1.3 for
further details). Since chlorophyll fluorescence is known to respond to a wide variety of
stressors, both natural (Henley ef al. 1991, Herrmann ef al. 1995) and xenobiotic (Conrad ef
al. 1993, Sgardelis ef al. 1994), it can be characterised as a very sensitive general biomarker,
Thus, chlorophyll fluorescence, together with recovery and changes in growth rates may offer
a valuable early warning of solar UV induced, reversible departures from homeostasis or from
the compensatory zone. The greater the response of F,/ F,,, the further the macroalgae measured
here had progressed along the health status curve. The inhibition in growth found for P. palmata
following ambient UV-B levels confirm the detrimental effects of UV-B radiation. Similar
results of inhibited growth were found by Grobe and Murphy (1994) in the intertidal alga
Ulva expansa exposed to ambient and elevated UV-B radiation. Moreover, inverse linear
relationships between growth rate and duration of UV-B irradiance were also demonstrated
(Grobe and Murphy 1994). Since F, / F, for E. intestinalis showed full recovery 24 hours after

exposure, although a depressed growth rate of 53.9 % was observed |2 days after exposure to 9.0
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W m? (fig. 3.7a), “endpoint effects” such as impairment of growth should be measured with

chlorophyll fluorescence when assessing effects of UV exposure.

The weighted dose-response relationship between F, / F,, and doses expressed relative to the
maximum July dose calculated for Plymouth, clearly shows that increases in UV-B has a greater
effect in terms of Quaite’s weighting function compared to both the Erythemal and PAS 300
action spectra in P. palmaia (fig. 3.4b). Thus, according to these calculations, it is this spectrum
which predicts the most severe UV-B effects in F,/ F, ratio. PAS 300 suggested the least severe
effects in F,/ Fy, of the three action spectra presented in fig. 3.4b. The large reductions in F,/ F,, to
a value of 0.27, even after ambient UV-B radiation, using PAS 300, either indicate that a “flatter”
action spectrum would be more appropriate (such low values have not been measured in situ,
personal observations, Hader 1997b (fig. 9, p. 184)) or that reductions in F, / F,, of this magnitude
reflect natural variations, and increases in UV-B would therefore have little additional effect.
Recently, establishing action spectra for aquatic phytoplankton have also been attempted (Cullen
and Lesser 1991, Cullen ef al. 1992). However, much more research is needed to identify the
weighting functions existing between optimal quantum yield and UV-B in different macroalgal
species. The results presented here confirm the conclusion made by Paul (1997) that the choice of
action spectrum greatly affects both the percentage changes in biologically effective radiation for a
given ozone depletion and the relationship between experimental doses and those occurring in the

field.

Since establishing or identifying suitable weighing functions were not included in the overall
objectives of the work presented here (please see Section 1.5), irradiances and doses will be
weighted according to Caldwell’s generalised plant response action spectrum throughout this work

to permit general comparison with other work in the UV field.
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Ion leakage

The decreased Health Index for P. palmata after UV-B exposure (Table 3.1), indicates
damage to the plasmalemma. However, since significant reductions were only detected after
relatively high UV-B irradiances, membrane damage was not found to be a particularly
sensitive parameter of UV-B exposure. Moreover, no decrease in Health Index was found for
E. intestinalis. Although research into membrane damage caused by UV-B has been limited, it
is known that the integrity of the membranes is affected by UV-B (Murphy 1983, Koch et al.
1995), and is due to a decrease in lipid content and damage to membrane transport systems.
Although the cellular and physiological mechanisms responsible for membrane damage are
uncertain, the results in this study are important for the identification of the mechanisms of
UV-B exposure, especially in view of the lack of bibliographic information on the effects of

UV-B on membranes.

Pigment measurements

P. palmata exhibited a steady decline in what has been identified as chlorophyll a
absorptance maxima, as well as phycoerythrin and/or carotenoid, phycoerythrobilin and
phycocyanin absorptance with increasing UV-B irradiance (fig. 3.5 and 3.6) (please see also
next chapter for further identification of chlorophylls and carotenoids). The loss of
chlorophyll absorptance was detected to be slower than that of phycoerythrin and/or
carotenoids and phycoerythrobilin indicating that the accessory pigments were impaired first.
Dahler (1987) and Zindorf and Hader (1991) reported similar results with pigment changes
in marine diatoms and cyanobacteria after UV exposures. This study shows dose-response

dependent decreases in chlorophyll, phycoerythrin and/or carotenoid and phycoerythrobilin
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absorptance with UV-B radiation, indicating that these pigments may be suitable as general

biomarkers of exposure.

The presence of UV-B screening compounds in algae has been well documented since the
early work of Sivalingam et al. (1974) and mycosporine-like amino acids have been identified
as major screening compounds in algae, corals and a number of other animals (Dunlap and
Chalker 1986, Karentz ef al. 1991a). These shielding compounds are effective from 310 nm
to 335 nm. Karentz and co-workers (1991a) demonstrated the existence of several of these
compounds such as porphyra-334, shinorine, and glycine:valine, in Palmaria decipiens. The
peak at 336 nm found in this study may indicate the existence of such compounds in P.

palmata.

Several studies have recorded evidence of induced levels of mycosporine-like amino acids
with decreasing depth in the water column (Sivalingam et al. 1974, Dunlap ef al. 1986, Post
and Larkum 1993). It is interesting to note the window found in pigment absorptance
between 290 nm and 315 nm in P. palmata (approximately 75 % absorptance) as opposed to
E. infestinalis, with 95 % absorptance in this region. This may be interpreted in terms of
increased screening compounds in intertidal algae compared with subtidal algae. E.
intestinalis showed no UV-B related pigment changes. The observed lack of UV-B-induced
effects on the photosynthetic efficiency further confirms that algae from high illumination
habitats develop protective mechanisms against the detrimental effects of UV-B. These
results, together with the findings of other workers, of a site dependent induction in these
compounds suggest a dose dependent induction to UV radiation. However, more research is
necessary to establish such a relationship and to investigate the suitability of these compounds

as specific biomarkers of UV exposure.
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3.6 CONCLUSIONS

F, / F,, ratio exhibited species-specific changes and is a sensitive, non-specific general biomarker of
UV-B exposure in P. palmata. Additionally, in vivo absorptances identified as being due to
chlorophyll a, phycoerythrin and/or carotenoids, as well as phycoerythrobilin and phycocyanin
decreased in a dose-response dependent manner to UV-B exposure. Reduction in these
physiclogical parameters was associated with detrimental manifestations such as membrane
damage and reduced growth rate in the subtidal P. palmata. To establish biomarkers of
exposure, which can be used as early warning signals and which are related to biological
effects, further research, outlined in the next chapter, sought to determine whether the
physiological parameters used in this study follow the same predictive pattern after long term

exposure to solar UV-B.
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CHAPTER 4
THE EFFECTS OF UV-B EXPOSURE ON PIGMENT DISTRIBUTION

IN MARINE MACROALGAE.

4.1 ABSTRACT

Investigations were carried out, by reverse phase high performance liquid chromatography
(HPLC), into the effects of UV-B on the pigmentation of three species of macroalgae
indigenous to the Southwest coast of England, Enferomorpha intestinalis (Chlorophyta),
Palmaria palmata (Rhodophyta) and Porphyra umbilicalis (Rhodophyta). Identification and
quantification of the principle signature pigments in the three macroalgal species were
undertaken. The subtidal species P. pa/mata exhibited greatest sensitivity to UV-B in that
concentrations of chlorophyll a, lutein and B-carotene were highly responsive to increased
UV-B exposure. Although not achieving statistical significance, changes in pigment
concentrations were found in P. umbilicalis with a general trend of higher concentration with
increasing UV-B irradiance. In contrast, £. infestinalis exhibited no significant response to
increasing UV-B exposure. These observations were similar to results found in in vivo
absorptance spectra in the previous chapter. It can, thus, be concluded that in vivo
spectrophotometric analyses appear to provide reliable, non-invasive means to characterise

subtle responses of macroalgae to UV-B exposure.

4.2 INTRODUCTION

To identify and quantify the chlorophyll and carotenoid pigments which in Chapter 3 were

tentatively identified by in vivo absorptance spectra, UV-B experiments were performed with
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three species of macroalgae using HPLC. Inn vivo spectral analyses can sensitively and rapidly
characterise pigment diversity non-invasively, especially when pigment identities are known
(Smith and Alberte 1994). The advantages of this method come from the fact that these
spectra are independent of the need for corrections for hypsochromatic shifts which occur

when the tissue is disrupted by extractions into organic solvent (Smith and Alberte 1994),

HPLC analyses have previously been used to charactense plant pigments from different
classes of algae, as markers to determine sources of carbon input into aquatic ecosystems
(Mantoura and Llewellyn 1983, Millie et al. 1993, Bianchi et al. 1997). Moreover, several
studies have used HPLC to determine whether Mycosporine-like compounds MAAs can be
related in a dose-dependent manner to UV-B exposure, and therefore potentially act as early
warning signals of changes in UV-B levels (Wood 1989, Garcia-Pichel ef a/. 1993). HPLC
analyses were also used in this study to further investigate whether chlorophyll and carotenoid
pigment concentrations can be related in a dose-dependent manner to UV-B exposure in

macroalgae.

The aims of this study were to:

a) identify and quantify different chlorophylls and carotenoids in Palmaria palmata, Porphyra
umbilicalis and Lnteromorpha intestinalis using high performance liquid chromatography
(HPLC)

b) investigate the effects of short-term UV-B exposure on chlorophyll and carotenoid

concentrations in these three species.

4.3 MATERIALS & METHODS

Collection of algae
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The intertidal algae Emteromorpha intestinalis (Chiorophyta) and Porphyra umbilicalis
(Rhodophyta), in addition to the subtidal alga Palmaria palmata (Rhodophyta) were
collected at low tide from Wembury beach in November (sea water temperature: 8 °C). Algal
material was collected by cutting attached thalli at the base. The thalli were harvested 12
hours before the experiments. They were kept in filtered sea water at constant temperature
(15 °C) and in low light conditions (40 pmol m?s™, fluorescent tubes, Phillips TLD 32W/83
HF™) in growth cabinets. A 12:12h light:dark regime was maintained throughout the

experiment. Nitrate (NO5) and Phosphate (PO,>) (5:1) were added to the sea water.

UV treatments and experimental design

Thalli of E. intestinalis and P. palmata were cut to an approximate length of 30 mm and P.
umbilicalis were cut into discs of 18 mm diameter. Three replicates were used for all species.
The thalli were covered to a depth of 15 mm with filtered sea water and exposed to UV for a
3 h period in open Petri dishes. PAR and temperature conditions were identical to those in the
acclimatisation period. The UV tubes used were identical to those in the previous chapters
and measurements of UV and PAR were performed as in Chapter 3. UV-A was kept constant
at 1.3 W m™, which is approximately 4 times less than that calculated at S0° latitude
(Cornwall) in December (personal comm., Driscoll ef al. 1992). This was held independent of

the UV-B irradiance.

The following unweighted UV-B irradiances were used in the experiment: 0.5 and 1.8 W m”.
These levels correspond to 0.14 and 0.49 W m” weighted UV-B irradiance levels, and to 1.5,
5.34 kJ m™ weighted doses respectively. The weighted values were calculated according to

the generalised plant response action spectrum (Caldwell 1971) normalised at 300 nm. The
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weighted doses correspond to ambient doses in October / September and July respectively
(Bjorn and Murphy 1985). However, since the experiments were performed in November
these doses were relatively high. The weighted doses were calculated for Plymouth (at an air
pressure of 1000 mbar, relative humidity of 0.5 and aerosol level of 0) during clear sky

conditions (Bjorn and Murphy 1985).

Algal conditions following UV exposure

Following the 3 h UV exposure the algac were transferred to growth cabinets (PAR and
temperature conditions identical to those in the acclimatisation period) for a 24 h period. The

samples were then frozen in liquid nitrogen and stored -80 °C until pigment analysis.

HPLC analysis

Algal tissues were ground to a powder using a pestle and mortar with liquid nitrogen. A
known weight of powdered sample was transferred to a centnfuge tube and chlorophyll and
carotenoid pigments were extracted from the sample using 90 % acetone with the aid of
ultrasonication. Extracts were centrifuged to remove debris and then analysed for a range of
chlorophylls, carotencids and pheopigments by reverse phase HPLC (Gibb et al. 1998) as
follows:

Extracts were held at 2 °C in an autosampler unit, and vortex mixed with ammonium acetate
buffer {1:1 v/v) before injection. Pigments were separated on a C-8 column using a binary
mobile phase system with linear gradient (methanol / 1.0 M ammonium acetate; 100 %
methanol, Barlow er al. 1997). Pigments and pheopigments were detected by absorbance at
440 nm and 667 nm respectively using diode array detection. Pigment identity was secured by
co-elution with authentic pigments (VKI, Denmark) and confirmed through spectral
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correlation with standard UV-visible spectra (300-750 nm). Pigments were quantified with
respect to a Canthaxanthin internal standard wvia relative response factors, whilst

pheopigments were quantified using response ratios.

4.4 RESULTS

The rhodophyte P. palmata was characterised by a pigment signature of chlorophyll a
(CHL4), lutein (LUT) and B-carotene (CAR) and concentrations of these pigments were
highly responsive to UV-B exposure (Table 4.1). Significant decreases in the concentration of
chlorophyll @ were observed after the 3 h exposure to both UV-B irradiances (Table 4.1).
CHLa, LUT and CAR decreased to 56, 53 and 38 % of their respective concentrations in the

control samples after exposure to the highest UV-B irradiance (1.8 W m?).

Like P. palmata CHLa, lutein and (-carotene were also the principle signature pigments in
Porphyra umbilicalis (Rhodophyta). Although no significant changes in pigment
concentrations were found, CHLa, lutein and B-carotene all showed a general trend of higher
concentration with increasing UV-B irradiance in this species (ANOVA, p>0.2).
Concentrations of CHLa, LUT and CAR showed increases to 147, 168 and 150 % their

respective concentrations in the control samples (Table 4.1).

The chlorophyte Einteromorpha intestinalis exhibited chlorophyll a (CHL&), chlorophyll b
(CHLb), violoxanthin (VIO), lutein and B-carotene as principle pigments. Concentrations of
these pigments showed no significant response to increasing UV-B exposure (ANOVA,

p>0.2), (Table 4.1).
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In Table 4.2 significant decreases in Bidegare total photoprotecting carotenoids and and
photosynthetic carotenoids were found for P. palmata. The greatest decreases occurred after

exposure to the highest UV-B irradiance (ANOVA, p<0.05).

4.5 DISCUSSION

The general decrease in pigment concentration with increasing UV-B exposure found for P.
palmata was consistent with the findings in Chapter 3 of an exposure dependent decrease in
in vivo thallus absorptance (Cordi et al. 1997). Furthermore, these decreases were also
associated with reductions in chlorophyll fluorescence and growth rate (Chapter 3). Dohler
(1987) and Zindorf and Hader (1991) reported similar changes in pigment concentration in
marine diatoms and cyanobacteria after UV exposure. The general trend observed for F.
umbilicalis of increasing concentrations of both chlorophylls and carotenoids following UV-B
exposure indicates that this intertidal red macroalga is well adapted to cope with short-term

exposure to UV-B irradiance.

The carotenoids determined using HPLC may either be classified as photosynthetically active
or photoprotecting species. Photosynthetic carotenoids (PSCs) absorb light energy and
transfer it to chlorophyll (possibly via the Dexter exchange mechanism, S. Gibb, pers.
comm.). Photoprotecting carotenoids (PPC), on the other hand screen the organism against
stressful high light conditions. These carotenoids are capable of quenching excited radicals,
and converting their excess energy to heat and dissipating it harmlessly. Thus, the ratio of
PSC and PPC may be used to provide some additional information of the light stress placed

on the algae.
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Although a number of different operational definitions exist for groupings of photosynthetic
and phetoprotectant pigments, those proposed by Bidegare ef al. (1990) were adopted here,
ie. the PSCs include pendinin, 19’-butanoyloxyfucoxanthin, fucoxanthin, 19’-
hexanoyloxyfucoxanthin and prasinoxanthin, whilst the PPCs include diadinoxanthin,

alloxanthin, zeaxanthin and CAR.

Concentrations of both PSC and PPC increased in P. umbilicalis in response to UV-B
exposure, decreased in /. palmata and remained stable in L. infestinalis (Table 4.2). In each
case, no significant changes were found in the ratio of PSC or PPC to total carotenoid
concentration (PSC + PPC). However, the algal carotenoids referred to above absorb in the
350 - 500 nm region of the spectrum. It is thus apparent that PPCs, which absorb excess
PAR, offer no protection against UV-B (280-315 nm) and are not synthesised in response to
UV-B. Hence, due to the constant exposure of the macroalgae in this study to light in the
spectral band 350 - S00 nm the stability of the ratio of PSC and PPC may be expected (Table
4.2). The inference of these two observations is that macroalgae are capable of selective
synthesis of photoprotecting pigments i.e. stressful light conditions do not trigger activation

of all photoprotection mechanisms.

Since the HPLC method used here can not resolve water soluble phycobilin pigments, such as
phycoerythrin in rhodophytes, this method should be used in conjunction with other methods
such as in wvivo spectrophotometry. A suitable HPLC methodology for separation and
quantification of phycobilins from natural assemblages does not exist at present {Swanson and

Glazer 1990, Bianchi et al. 1997).

A group of UV absorbing compounds, the mycosporine-like amino acids (MAAs), have been

detected in various organisms including macroalgae. These compounds have a strong
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absorption maxima in the range 310 - 360 nm, which corresponds to the wavelength of UV-
B, and they appear to offer protection against harmful UV-B dosages received by cells
(Garcia-Pichel ef al. 1993), thus reducing physiological damage. Although, not studied in this
work, it may be postulated that concentrations of UV absorbing compounds would have

increased significantly in response to UV-B.

4.6 CONCLUSIONS

Identification and quantification of the principle signature pigments in three species of
macroalgae were achieved. The results from this study provide useful preliminary insights into
the differing effects of UV-B on pigment concentrations in macroalgae. The subtidal species
P. palmata exhibited greatest sensitivity to UV-B, and aithough no significant changes in
pigment concentrations were found in P. umbilicalis a general trend of higher concentration
with increasing UV-B irradiance was observed. In contrast, £. infestinalis exhibited no
significant response to increasing UV-B exposure. These observations were similar to results
found in in vivo absorptance spectra in the previous chapter. With confirmation provided by
these HPLC studies, it can be concluded that /n vive spectrophotometric analyses from the
previous chapter provided reliable, non-invasive means to characterise subtle responses of
macroalgae to UV-B exposure. By investigating both photosynthetic pigments and MAAs
simultaneously using in vivo spectrophotometry and HPLC, it is possible to further our

understanding of the response of algae to UV radiation.
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CHAPTER 5

To investigate UV-induced responses at the molecular level, DNA damage (measured as
Random Amplification Polymorphic DNA fingerprinting) and the cellular stress response were
examined. These parameters were linked to inhibitions in growth rate to assess subsequent
adverse effects. The induction of heat shock 70 (HSP 70) which belongs to the group of

functional biomarkers was measured as a cellular stress response.

5.1 COMPARISON OF UV-INDUCED GENOTOXICITY DETECTED
BY RANDOM AMPLIFICATION POLYMORPHIC DNA
FINGERPRINTING WITH PHYSIOLOGICAL AND FITNESS

PARAMETERS IN PALMARIA PALMATA.

5.1.1 ABSTRACT

The Random Amplification Polymorphic DNA (RAPD) technique was used to detect DNA
damage in the subtidal macroalga Palmaria palmata (Rhodophyta) exposed to both ambient
and elevated irradiances of UV-B. To investigate the potential of this method in
ecotoxicological assessments, the qualitative and quantitative modifications in RAPD profiles
were compared with changes in a number of physiological and fitness parameters. RAPD
detectable modifications in DNA profiles were observed in all UV exposed individuals
compared to controls. Changes in RAPD profiles, chlorophyll fluorescence (F. / Fy, ratio), in
vivo pigment absorptance and thallus growth, examined simultaneously, provided a sensitive

measure of UV-induced toxicity. The application of the RAPD DNA profiling technique, in
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conjunction with other suitable physiological and fitness measurements, may prove a valuable
tool for investigating the effects of genotoxicity upon marine algal populations. Ultimately, this
method may allow the ecotoxicological examination of the link between molecular alterations

and measurable adverse effects at higher levels of biological organisation.

5.1.2 INTRODUCTION

The primary goal of ecogenotoxicology (Wurgler and Kramers 1992), is to understand the
consequences of genotoxicity in individuals for population and community structures
(Anderson and Wild 1994, Depledge 1998). Altered fertility, growth, and embryonic survival
are ecologically significant, because they reduce reproductive success and thus alter population
size or structure (Anderson ef al. 1994 Sadinski et al. 1995). Surprisingly, little has been done
to explore the reproductive and developmental effects which may result from genotoxic
responses. In addition, the simultaneous use of several motecular and physiological responses

to detect UV-B induced biological effects, has rarely been attempted.

In the field of genotoxicity, advances in molecular biology have led to the development of a
number of selective and sensitive assays for DNA analysis (Ionov er al. 1993). A promising
technique is the Random Amplification Polymorphic DNA (RAPD), a semiquantitative
method, which has previously been used for genetic mapping, taxonomy, phylogeny (Welsh er
al. 1991) and detection of various kinds of DNA damage (Kubota ef al. 1992, Peinado ef al.
1992, lonov et al. 1993, Savva 1996, Shimada and Shima 1998), please see Section 1.3.2.4

for further details.

One of the potential applications of the RAPD method is its use in the detection of UV-

induced genetic damage. This is a topic of particular concern because ozone depletion, and
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the associated higher [evels of UV-B radiation, have the potential to adversely affect marine
biota (Héader et al. 1995). Although the effects of UV irradiance on genetic material
(Stapleton er al. 1997), physiological parameters (e.g. photosynthesis, chlorophyll
fluorescence, reviewed by Franklin and Forster 1997) and decreased growth rates (Grobe and
Murphy 1994) have been studied separately, there have been only few attempts to explore the
potential consequences of UV-induced DNA damage on the physiology and Darwinian fitness

of exposed algal populations.

The objectives of this study, therefore, were to:
a) further evaluate the suitability of the RAPD method to detect UV-induced DNA damage in

the marine macroalga Palmaria palmata.

b) investigate the relationship between molecular, physiological and fitness parameters

following UV exposure.

5.1.3 MATERIALS & METHODS

The DNA analysis in this experiment was conducted simultaneously with the experiment
described in Chapter 3 and the experimental conditions and UV exposures were identical.
Thus, to investigate the relationship between biomarkers from different levels of biological
organisation, an overview is presented in this chapter of the physiological and fitness data

described in detail in Chapter 3.

Sampling of macroalgae
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Palmaria palmata plants were collected at low tide from Wembury beach, Devon, between
May and June 1997 (sea water temperature: 13°C). The thalli were harvested 24 hours before
the experiments and kept in filtered sea water at constant temperature (15°C) and in low light
conditions (25 pmol m? s, fluorescent tubes, Phillips TLD 32W/83 HF™) in growth

cabinets.

UV treatments

Thalli were cut to a length of 30 mm and covered with filtered sea water to a depth of 1.5 cm
per Petn dish. Each dish was exposed to varying UV irradiance for 3 hours (n=4 per dish).
PAR and temperature conditions were identical to those in the acclimatisation period. PAR
was measured with a PAR meter (Sky Instruments). UV-B was supplied by two UV-B tubes
(Philips TL’ 20W/12 RS™) and UV-A by two UV-A tubes (Philips 1609™ 15 W). A
constant UV-A irradiance of 1.3 W m? was included in all UV-B treatments. The total
irradiance of both UV-A and UV-B tubes was measured as described in Chapter 3. Irradiances
and doses used in the experiments are listed in Table 5.1. The weighted UV-B doses were
calculated according to the generalised plant response action spectrum normalised at 300 nm
(Caldwell 1971). The corresponding percentage ozone depletion was calculated for 15.07.97
at Plymouth during clear sky conditions (Bjorn and Murphy 1985). The relatively high UV-B

irradiances were chosen to investigate the entire range of the exposure-response curves.
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Table 5.1. UV irradiances and doses used in the experiment. The doses were
calculated for a 3 h exposure and weighted UV-B doses were calculated according
to the generalized plant response action spectrum normalized at 300 nm (Caldwell
1971). The corresponding percentage ozone depletion was calculated using the

computer model of Bjorn and Murphy (1985).

UV-B irradiance (W m?) 0 1.4 2.6 9.0 12.7
Unweighted UV-B dose 0 15.1 28.1 97.2 137.2
(k¥ m”)
Weighted UV-B dose 0 4.3 7.9 27.4 38.7
(kJ m?)
Calculated ozone depletion 0 Ambient 17 41 100
(%) August
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DNA isolation and RAPD reactions

Approximately 0.1 g of thalli from individual samples was frozen in liquid nitrogen, ground
with a mortar and pestle, and homogenised in 400 pl of sperm lysis buffer (100 mM Tris-HClI
pH 8, 500 mM NaCl, 10 mM EDTA, | % SDS, 2 % mercaptoethanol). The DNA was treated
with RNase (40 pg, 1.5 h at 37°C) and extracted twice with phenol (pH 8), followed by an
extraction with chloroform:isoamyol alcohol (1:1). DNA was precipitated from the aqueous
phase with 0.1 volume sodium acetate (pH 4.8) and 2 volumes of cold ethanol at -80°C for 6
hours. Precipitated DNA was harvested by centrifugation, air dried, and the final pellet was
then dissolved in sterile analytical grade water. The amount and quality of DNA was
estimated using agarose gel electrophoresis. All chemicals used throughout the described

procedure were obtained from Sigma™.

DNA profiles were generated in RAPD reactions performed in a reaction volume of 25 pl as
described previously (Atienzar et al 1998). The decamer oligonucleotides OPA9
(GGGTAACGCC) or OPBI (GTTTCGCTCC), or OPB14 (TCCGCTCTGG), or OPB 17
(AGGGAACGAQG) (sequences given from 5’ to 3’) were obtained from Operon Technologies
Inc. (Oswell), Southampton, UK. Approximately 10 ng of genomic DNA was subjected to
RAPD amplification with a primer concentration of 2 pM, a deoxy-trinucleotide phosphate
(dNTP) concentration of 0.33 mM, and a MgCl; concentration of 5.11 mM. This was
performed in the presence of 2.8 units of Tag DNA polymerase and 1X reaction buffer (10
mM Tris-Cl, pH 8.3, 50 mM KClI, 0.1% Triton-X 100, 0.01% gelatin, 2.5 pg bovine serum
albumin (IGi, Sunderland, UK)). Thermal cycling parameters consisted of 5 min denaturation
(95 °C) followed by 40 cycles of 1 min denaturation (95 °C), 1 min annealing at 50°C, and 1

min extension (74 °C). Reaction mixtures were stored at 4 °C prior to use.
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Agarosc gel electrophoresis and analysis of DNA profiles

Electrophoresis of RAPD reaction products was performed in 1.2% (w/v) agarose, using a
Tris-Borate-EDTA buffer system (1X TBE= 90 mM tris-base, 90 mM boric acid and 2 mM
EDTA). Amplified DNA was mixed with 1/5th volume of gel loading buffer (analytical grade
water containing 25 % ficoll, 0.25 % bromophenol blue, and 0.25 % xylene cyanol). 15ul of
this solution was then loaded onto the agarose gel. A DNA molecular size marker (M = 1Kb
marker, Gibco BRL (Paisley, UK)) was run for each agarose gel. Bands visualised, from top
to bottom, were: 3054, 2036, 1636, 1018, 522, 517, 506, 396, 344, and 298 bp. DNA
samples were subjected to electrophoresis at 80 volts for 7 hours, after which the gels were
stained in a 1X TBE solution containing ethidium bromide (0.015% v/v) for a period of
minimum 40 min. Gels were photographed under UV illumination using a Polaroid camera
(CU-5). Images of each gel were also captured using a Kodak DC40 digital camera with the
DNA profiles. Changes in band intensity were subsequently analysed using Kodak Digital

T™

Science ™ 1 D Image Analysis Software.

Estimation of genomic template stability

Each change observed in RAPD profiles (i.e. appearance of new bands, disappearance of
bands and variation in band intensity compared to control RAPD profiles) was given the
arbitrary score of +1. The average value was then calculated for each experimental group
exposed to UV. The template genomic stability (%) was calculated as 100-(100a/n) where a is
the average number of changes in DNA profiles, and n is the number of bands detected in

control DNA profiles.

Statistical analysis and transformation of data
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To compare the sensitivity of each parameter (genomic template stability, chlorophyll
fluorescence (F, / Fj), and growth rate), a change in these values was calculated as a
percentage of the control value (set at 100 %). Changes in RAPD profiles were statistically
tested by performing one way analysis of variance, ANOVA. The LSD (least significant
differences) test was performed to reveal statistical differences. The statistical analyses applied

to physiological and fitness parameters have previously been described in Chapter 3.

5.1.4 RESULTS

Measurements of physiological and fitness parameters

The effects of UV exposure on F, / Fy, ratio, in vivo absorptance spectra, and growth rates of
P. palmata are recorded in Table 5.2 (please see Chapter 3 for a more detailed presentation of
the results). Reduced levels of in vivo absorptance and chlorophyll fluorescence were
measured with increasing UV-B irradiance. After a recovery period of 48 hours, only thalli
exposed to UV-A or the lowest UV-B irradiance (1.4 W m™) exhibited increases in
chlorophyl! fluorescence, suggesting complete and partial recovery respectively. No reductions
in growth rate, measured over an 11 day period, were found after exposure to UV-A. Thalli
exposed to 1.4 W m” unweighted UV-B, however, suffered a 40 % reduction in growth rate
compared to controls. Thalli exposed to higher UV-B levels were unable to grow. Thus, these
physiological data suggested irreversible damage following exposure to 2.6 W m™ (equivalent
to 17 % reduction in atmospheric ozone levels in July). However, these results may be
influenced by the sampling time, due to seasonal variations in the sensitivity of algae to UV

exposure. Please see Chapter 3 for a more detailed account of these results.
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RAPD DNA profiling

For all oligonucleotide primers tested, RAPD patterns generated by UV-exposed algae were
different from those obtained using control DNA (fig. 5.1). Moreover, DNA patterns
generated by each treatment group were reproducible, although each RAPD profile was
obtained from individual algae. The principal events observed following UV exposure were
variations in band intensity, as well as disappearance and appearance of new bands (fig. 5.1).
Table 5.3 and fig. 5.2 present a summary of these RAPD profile modifications. The decrease in
band intensity was particularly obvious for algae exposed to the two highest UV-B irradiances
(9.0 and 12.7 W m™). In contrast, an increase in band intensity occurred for the three lowest
UV irradiances (UV-A and UV-B irradiances of 1.4 and 2.6 W m?) (fig. 5.2). Further
experiments showed that variations in band intensity were not caused by variations in the
concentration of template DNA (data not shown). As a master mix was performed, no
variations in the PCR reagent concentration (e.g. Taqg DNA polymerase) were possible. In
Table 5.3 it is shown that the number of disappearing bands, which occurred for all UV
irradiances, was greater at higher UV-B irradiance. Extra bands appeared for the three lowest
UV irradiances (UV-A, UV-B irradiances of 1.4 and 2.6 W m™), but rarely for 9.0 W m™, and
never for 12.4 W m™? Additionally, only bands of molecular size greater than 1Kb were shown

to disappear.

Comparison of chlorophyll fluorescence, growth parameters and RAPD

profiles.

In fig. 5.3 the genomic template stability, a qualitative measure reflecting changes in RAPD

patterns, was used to compare the modifications in RAPD profiles with reductions in
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chlorophyll fluorescence (F. / Fy, ratio) and growth rates. Following exposure to increasing
UV-B irradiance, chlorophyll fluorescence and growth rates decreased gradually to zero. In

contrast, the genomic template stability remained similar (between 52 - 60 %) after all UV-B

irradiances.

5.1.5 DISCUSSION

Although the generation of RAPD profiles has previcusly been criticised as unreliable
(Ellsworth et al. 1993), suitable optimisation of the PCR conditions (Atienzar ef al. 1998),
and the judicious choice of oligonucleotide primers for each species-specific DNA template,
suggest that the assay performs well. Indeed, reproducible DNA profiles have been generated
from a range of aquatic invertebrates, plants and bacterial species (unpublished data, Atienzar
et al). Once optimised, the use of RAPD for the detection of DNA damage presents a
number of advantages. The RAPD assay, which is suitable for any extracted DNA (of
sufficient quality), allows rapid analysis of a large number of samples. As arbitrary primers are
used, specific details of the DNA damage or the sequence of the genome are not needed.
Further, no radioactivity nor chemical or enzymatic degradation of the DNA is required
before analysis, in contrast to chromatographic techniques (Grossweiner and Smith 1989).
Finally, the RAPD method does not depend on the molecular weight of the DNA sample,

unlike for example the endonucleic assay used by Quaite ef al. (1994).

Previous studies using DNA fingerprint analyses, have shown that changes in band patterns,
reflect DNA alterations from single base changes to complex chromosomal rearrangements
(White ef al. 1990, Welsh et al. 1991). Similarly, in the present study DNA damage, induced by
UV radiation reflected changes in RAPD profiles. Variation in band intensities and the

disappearance of bands may be attributed to the presence of DNA photoproducts, which act to
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block the polymerisation of DNA in the PCR reaction (Donahue ef al. 1994, Nelson ef al.
1996). Furthermore, in case of a bypass event, the polymerisation of DNA may be greatly
reduced. The bypass process depends on a) the enzymatic properties of the DNA polymerase,
b) the structure of the lesion, and c) the sequence context of its location (Ide et al. 1991).
Therefore, the data suggest that the frequency of DNA photoproducts increased with increasing

UV-B irradiance.

As well as disappearance of some bands, extra bands were also detected in the RAPD profiles.
Appearance of new bands occurred principally for the three lowest UV irradiances (Table 5.3).
This suggests that relatively high UV-B irradiances may inhibit repair and DNA replication in
plant tissue (Howland 1975). New PCR amplification products may reveal a change in the
DNA sequence due to mutations, which result in (a) new annealing event(s), and/or (b) large
deletions (reducing the distance to pre-existing annealing sites), and/or (c) homologous
recombination (connecting 2 sequences that match the sequence of the primer). For instance,
following exposure to mutagens, DNA replication (Christner ef al. 1994) and error-prone
DNA repair (Sancar and Sancar 1988) are generally involved in generating mutations (Livneh
et al. 1993). Unlike in mammals, plant cells enter meiosis only after significant vegetative
growth. Thus, the induction of mutations, which accumulate over time in the somatic tissue,
may be passed to the gametophytes (Walbot and Cullis 1985). This, in turn, could have

implications for the long-term survival of the species (Wurgler and Kramers 1992).

A high level of DNA damage does not necessarily decrease the genomic template stability
because DNA repair and replication may be inhibited by the high frequency of DNA damage.
Hence, the plateau effect observed in fig. 5.3 can be ascribed to each change in RAPD profiles
counter-balancing each other. In other words, the genomic template stability is related to the

level of DNA damage, the efficiency of DNA repair and replication. Thus, the genomic
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template stability can be misleading. In contrast, the actual pattern and frequéncy of appearing
and disappearing bands may be a more suitable parameter of UV-induced stress, as indicated
in Table 5.3. In earlier studies, using the AP-PCR technique, a non-mammalian test system for
germ-cell mutagenesis, was developed for detecting DNA alterations in F, progeny descended
from the gamma-irradiated male medaka fish. In these studies, DNA alterations were indeed
detected as changes in the pattern of appearing and disappearing bands (Kubota er al. 1995).
Moreover, the frequency of disappearing bands increased with increasing radiation dose
(Kubota ef al. 1992). In another study on RAPD profiles, similar changes in the pattern of
RAPD bands compared to controls were found in rats exposed to Benzo(a)Pyrene (Savva ef

al. 1994).

The simultaneous use of more than one biomarker enhances the detection of toxic effects since
different biomarker responses are induced at different stages of the plant’s health status curve
(Depledge 1994). In this study, changes in RAPD patterns, reductions in optimal quantum
yield and growth rates, indicated that UV-B radiation (equivalent to an ozone reduction of 17

%) can cause irreversible damage in £. palmata.

Whilst the RAPD technique clearly shows promise in the detection of pollutant-induced DNA
effects, a great deal of further experimentation and validation is required. Future work will
focus on determining the sensitivity and selectivity of the RAPD technique. A comparison will
be made with pre-existing DNA analysis methodologies. These will include **P-post-labelling
assay (Gupta 1984), large scale chromosome aberrations (Jha ef a/. 1996), and DNA strand
breaks. Future work will also determine whether the RAPD technique is a sufficiently
powerful tool to detect mutations. This will be performed using material obtained from

hypermutating cultured mammalian cells and from bacterial isolates. Applying this approach,
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the general applicability of the RAPD technique for detection of DNA damage, in both in

vitro and in vivo systems, can be further evaluated.

5.1.6 CONCLUSIONS

The RAPD technique showed potential as a reliable and reproducible assay for genotoxicity,
when used with caution. The pattern of appearing and disappearing bands, in particular,
showed potential as a sensitive tool for detecting UV-induced genetic damage in P. palmata.
Coupled with other suitable physiological and fitness measurements, this technique may
promote a better understanding of the link between molecular alterations and measurable

adverse effects at higher levels of biological organisation.
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5.2 EVALUATION OF THE HEAT SHOCK PROTEIN 70 (HSP 70)
RESPONSE AS A BIOMARKER OF UV-B EXPOSURE IN TWO

MACROALGAL SPECIES.

5.2.1 ABSTRACT

The induction of heat shock proteins (HSP 70) following UV-B irradiance was studied in
Palmaria palmata and Enteromorpha intestinalis to investigate the potential use of HSP 70
as a molecular marker of UV-B exposure. However, a 3 hour exposure to relatively high
irradiances of UV-B (unweighted UV-B: 2.6 and 8.6 W m™®) showed no significant induction
of HSP 70 for the two species. As increases in band intensity with increasing concentration of
purified standard HSP 70, clearly showed that optimisation of the slot-blotting technique was
successful, it was concluded that HSP 70 was not induced in these two species after exposure

to UV-B radiation.

5.2.2 INTRODUCTION

Heat shock proteins (HSP), defined as proteins whose rate of synthesis is increased by
exposure to a 5-10 °C rise in optimum temperature, have been found in all species tested from
bacteria to humans. Despite the widespread nature of these proteins, their role in the cellular
response to stress is not yet understood (Bauman ef al. 1993). Numerous studies have
investigated the suitability of stress protein induction as a potential biomarker of trace metal
exposure in marine organisms (Sanders 1990, Bradley 1993, Sanders and Martin 1994, Lewis
et al. 1998). Several studies have also investigated the possible role of heat shock proteins as

mediators of heat-shock-induced UV-B resistance in human epidermal keratinocytes (Maytin
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el al. 1993, Trautinger ef al. 1995). However, less information is available regarding the role
of these proteins in algae (Muller et al. 1992, Vayda and Yuan 1994, Reith and Munholland
1991). The major heat shock proteins, the 70 kDa family, was induced as a response to UV-B
exposure after an initial heat shock treatment in marine diatoms (Doéhler e/ al. 1995).
Likewise, Nicholson and Howe (1986) reported induction of 71 kDa and 65 kDa in

Chlamydomonas reinhardtii following UV-B irradiation.

The aim of this study was to investigate if induced levels of HSP 70 could be related in a
dose-response dependent manner to UV-B exposure, without an initial heat shock treatment.
Thus, the potential of HSP 70 induction as a biomarker of short-term UV-B exposure in

marine macroalgae was assessed.

5.2.3 MATERIALS & METHODS

Collection of algae

E. intestinalis and P. palmata were collected at low tide from Wembury in May and June
(seawater temperature: 13 °C). The thalli were harvested 24 hours before the experiments and
kept in filtered seawater at constant temperature (15 °C) and in low light conditions (25 pmol

m?s”, fluorescent tubes, Phillips TLD 32W/83 HF™) in growth cabinets.

UV treatments

Thalli cut to a length of 3 cm and covered to a depth of 1.5 cm with filtered sea water, were

exposed for 3 hours in open Petri dishes (n = 3). The UV exposures were performed as
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described in Chapter 3. The following unweighted UV-B irradiances were chosen: 2.6 and 8.6
W m? (equivalent to weighted irradiances of 0.7 and 2.4 W m™ and weighted doses of 7.9,
26.2 kJ m?, calculated according to the generalised plant response action spectrum, Caldwell
1971) The weighted doses correspond to 17 % and 40 % ozone depletion, calculated for
15.07.97 at Plymouth. UV-A and PAR irradiances were identical to levels used in Chapter 3.
Immediately after UV exposure the thalli were frozen in liquid nitrogen and then transferred to

- 80 °C until analysis.

Western blotting and slot blotting

Preparation of algal tissue

One g of pooled tissue of E. intestinalis and 0.4 g of pooled tissue of P. palmata were used
for each replicate, which was split into duplicates to investigate method variation. The frozen
plant tissue was grounded to a powder using liquid nitrogen and a pestle and mortar. The
powdered sample was weighed and 2 volumes of cold homogenisation buffer was added (25
mM Tris-HCL, pH = 7.8, 10 % glycerol 0.05 % Triton-X 100 and 5 mM DTT) with several
protease inhibitors such as PMSF (100 pM), antipain and pepstatin-A (1 pg ml" for E.
intestinalis and 10 pg ml" for P. palmata). After further homogenisation using a Polytron,
the smooth homogenate was sonicated with extra PMSF. The samples were then centrifuged
at 100,000 g for 60 min at 4 °C. The supernatant was transferred to Centricon 30, with a 30
kDa cut off, and centrifuged for 75 min at 5000g. An aliquot of the concentrated extract was

then assayed for total protein and the rest was frozen.

Western blotting
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The cross-reactivity of monoclonal antibody with P. palmata samples, using western blotting,
was measured using the method of Lundebye ef ai. (1995), as later adapted by Lewis (1997).
Proteins were extracted from the tissue of both species and the total protein content of
samples was determined by the Bradford method (Bradford 1976). For western blotting,
samples were diluted in Laemmli buffer (Laemmli 1970) and boiled. Proteins were separated
by one dimensional SDS-PAGE (with 5 % stacking gel on 10 % resolving mini-gels) run at 35
mA per gel in a Hoeffer Se 250 Mighty Small Electrophoresis System™. Molecular weight
markers as well as the samples were loaded. Proteins were then transferred to nitrocellulose
membranes, using a Pharmacia Nova Blot semi-dry blotter. The nitrocellulose membranes
were blocked overnight with 5 % dried-milk powder in tris-buffered saline (TBS). The
membranes were then rinsed in TBS with 0.05 % Tween and incubated with 1: 1000 mouse
monoclonal anti-HSP 70 antibody for 1.5 hours. After this incubation, more rinses with TBS
were followed by 1.5 hours incubation with alkaline phosphatase linked goat anti-mouse IgG.
Finally, the membranes were developed for 30 min with p-nitro blue tetrazolium chloride and

5-bromo-4-chloro-3-indoyl phosphate ptoludine (NBT and BCIT), to produce a colour signal.

Slot/dot-blotting

The slot blotting method was applied to determine relative quantity of HSP 70 in the different
algal samples. Nitrocellulose membrane and blotting papers were placed in a Bio-Dot SF
microfiltration apparatus (BioRad Ltd). After a dilution in TBS with 1 % SDS (sodium
dodecyl sulphate) and a 3 min boiling, algal samples and a commercial purified standard of
human HSP 70 were applied to the membrane under gentle vacuum. Samples contained 25 ug
total protein content for L. intestinalis and 60 pg for P. palmata. Each blot was loaded with
samples of equal total protein and duplicate calibration curves of the purified standard. The

membranes were then blocked in 5 % TBS and rinsed with TBS and Tween before it was
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incubated with the two antibodies as above. The membranes were developed with a
Amersham ECL™ kit as per manufacturers instructions and the blots were exposed to
Hyperfilm-ECL for 10 minutes. The films were scanned using a densitometer (Pharmacia
LKB Ultrascan). Calibration curves for each blot were plotted (Au*mm) versus total protein
content of standard and a square root x regression model was fitted (Lewis 1997). The
resulting equation was used to determine relative quantity of HSP 70 (AU) in the different

samples.

5.2.4 RESULTS

Figure 5.4 shows the western blot with molecular markers and one band indicating a strong
cross-reactivity of monoclonal antibody with P. palmata samples. Clear bands appeared for
samples of P. palmata (fig. 5a) and E. intestinalis (fig. 5b) and the two calibration curves
(made with the commercial standard of human HSP 70) on both blots. The duplicate
calibration curves did not differ significantly from each other (ANOVA, p>0.2). The purified
HSP 70 standard was applied at concentrations of 5.63 - 180 pg total protein for both
species. No significant difference in HSP 70 expression was found for P. palmata or E.

intestinalis exposed to UV-B compared to un-exposed controls (ANOVA p>0.2).

109









cr1

Cal. 6

Cal, 6

ct®

Cal. 5

Cal. 5

UV-B1
1.

Cal, 4

Cal. 4

UV-B 1

Cal.3

Cal. 3

UV-B2
ll

Cal. 2

Cal. 2

UV-B2

Cal. 1

Cal. 1

Cal. 6

ct

c?2

Cal. 6

C3

‘Cal. 5

ci1t

c?*

Cal. 5

Cc3t

Cal. 4

UV-B1
ll

UV-B1
T

Cal. 4

UV-B1
3!

Cal. 3

Uv-B2
1 L]

UV-B1

Cal. 3

UV-B1

Cal. 2

UV-B2

UV-B2
2I

Cal.2

UV-B2
3!

Cal. 1

Blank

UV-B2

Cal. 1

UV-B2

Figure 5.5. Slot blot of protein extracts from 1) Palmaria palmata and
b) Enteromorpha intestinalis, exposed for 3 hours to different UV-B
irrzadiances. Unweighted UV-B irradiances of 2.6 (UV-B 1) and 8.6 W
m™ (UV-B 2) were used. Cal. 1 - 6: two Calibration curves were
performed with purified commercial standard of human HSP 70 at
concentrations 5.6, 11.3, 22.5, 45, 90, and 180 pg total protein (1 - 6).
Three replicates were used (1 - 3) which was split into duplicates (%, ®)
to investigate method variability (although for E. intestinalis, UV-B 1
replicate no. 1, no duplicate was made).
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5.2.5 DISCUSSION

As the antibody used here was raised against human HSP 70, the strong cross-reactivity of
monoclonal antibody with P. palmata samples illustrated that HSP 70 is highly conserved (fig.
5.4). Very similar results were found by Lewis (1997) for E. intestinalis. The lack of vanation
between the calibration curves for both species indicate that varnability between samples was
minimal. Furthermore, the gradual increases in band intensity with increasing concentration of
purified standard HSP 70 clearly showed a successful optimisation of the slot-blotting
technique. Hence, the lack of response observed indicates that HSP 70 was not induced in

these two species following UV-B exposure.

Induction of HSP 70 and HSP 60 (60 kDa) following heavy metal exposure has been reported
for several marine organisms (Cochrane ef al. 1991, Sanders et al. 1991, 1992, 1994, Sanders
and Martin 1993, Ryan and Hightower 1994, Sanders and Dyer 1994). In addition, induced
HSP 70 has also been measured in marine macroalgae following heat treatment. Lewis (1997)
found induced HSP 70 in E. intestinalis after 8 h exposure to 30 °C and Reith and
Munholland (1991) reported similar induced levels in Porphyra umbilicalis after 75 min
exposure to 30 °C. An initial heat shock treatment, followed by 2 hours exposure to UV-B
(Caldwell weighted dose of 1.5 kJ m™), produced induced levels of both HSP 70 and 57 kDa
in marine diatoms (Dohler ef al. 1995). Likewise, Nicholson and Howe (1986) reported
induction of 71 kDa and 65 kDa in Chlamydomonas reinhardtii following UV-B irradiation.
Moreover, heat shock proteins may be mediators of heat-shock-induced UV-B resistance in

human epidermal keratinocytes (Maytin ef al. 1993, Trautinger ef al. 1995).

The lack of induction found here could not be attributed to a reduced protein synthesis due to

nutrient limitation (Coleman ef al. 1995, Lewis 1997), since the algae were placed in nutrient
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enriched seawater. Referring to the above-mentioned studies involving UV-B exposure, it

therefore seems likely that a response in HSP 70 levels to UV-B exposure is linked to an

initial heat shock treatment in algae.

5.2.6 CONCLUSIONS

Since relatively high UV-B doses (weighted UV-B of 7.9 and 26.2 kJ m?) were used, it was
concluded that induction in HSP 70 is an unsuitable indicator of UV-B exposure in P.
palmata and E. intestinalis. Stress protein analyses are both time consuming and relatively
expensive, thus, no further studies were conducted using HSP 70 in assessing UV-induced

effects.
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CHAPTER 6

THE INFLUENCE OF UV-B RADIATION ON THE REPRODUCTIVE
CELLS OF THE INTERTIDAL MACROALGA ENTEROMORPHA

INTESTINALIS.

6.1 ABSTRACT

In laboratory experiments the relative sensitivity of the reproductive cells of the seaweed
Enteromorpha intestinalis to UV-B was investigated by measuring chlorophyll fluorescence
(F. variable fluorescence), germination success and growth rates. It was demonstrated that
zoospores (the asexual reproductive cells) exhibit up to approximately 6 fold higher sensitivity
to UV-B exposure than the mature thalli (measured as chlorophyll fluorescence, F,), and
differences in growth rates were also found. Consistent patterns emerged throughout these
experiments in variable fluorescence, germination success and growth rates, of a greater
sensitivity in the sexual reproductive part of the life cycle compared with the asexual part of
the cycle. Furthermore, inhibitions in germination success (up to 50 %) and in growth rates
(up to 16.4 %) of settled gametes and zoospores after 1 h exposure to elevated levels of UV-
B (equivalent to 27 and 31 % ozone depletion) showed irreversible damage of reproductive
cells. Clearly, the ecological significance of elevated UV-B exposure in the marine
environment may be seriously under-estimated if effects on the early lifestages of algae are not

considered.
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6.2 INTRODUCTION

Recent estimates suggest that primary productivity of phytoplankton in areas influenced by
the ozone hole in the Southern Antarctic Sea is reduced by 6-23 % (Smith er al. 1992, Weiler
and Penhale 1994). No such assessment on the coastal primary productivity in the northern
hemisphere has been undertaken. UV-B effects in macroalgae have previously been detected,
although primarily in mature thalli (Larkum and Wood 1993, Grobe and Murphy 1994,
reviews by Hider e/ al. 1995 and Franklin and Forster 1997). However, effects on
reproductive unicells and early life stages, which are usually particularly sensitive to stressors

(Hanelt ef al. 1997, Thursby and Steele 1986) have yet to be assessed.

There are several aspects of ozone depletion that are important when considering damaging
effects on primary producers in the marine environment:

(1) springtime ozone depletion is a recent phenomenon relative to evolutionary time scales
(Karentz 1991). Consequently, marine algae may be poorly adapted to deal with increased
UV-B exposure.

(ii) lowered tolerance in algae, due to long-term adaptation to low irradiation levels during the
previous winter months may coincide with increases in UV-B during spring.

(iif) spring time increases in UV-B coincide with the production of reproductive cells
(unicells) and early life stages (sexually immature gametophytes and sporophytes) in many

macroalgae.

E. intestinalis is an opportunistic alga which exhibits an alternation of generations which
consists of isomorphic sporophytes (2n) and gametophytes (n) and unicellular reproductive
cells. The zoospores are released from the mature sporophyte and the gametes are released

from the mature gametophyte. The success of this alga is pnmarily determined by its ability to
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distribute itself widely and to rapidly colonise exposed substrata by means of its motile

zoospores and gametes (please see Section 1.4.2).

The aims of this study were to:

a) investigate the relative sensitivity of free-swimming zoospores and gametes of the
macroalga E. intestinalis to ambient and elevated UV-B irradiances.

b) relate changes in chlorophyll fluorescence, F,, with consequent effects on germination
success and growth rate.

c) compare effects of UV-B exposure in 12 h old free-swimming zoospores with mature thall

of the same species.

6.3 MATERIALS & METHODS

Algal collection and preparation

Thalli of Enteromorpha intestinalis were collected at spring tide (1.4 m from the mean high
water mark, with a water temperature of 11-15 °C and salinity of 25 %o) from Wembury
beach between April and June 1997. The proportion of gametophytes to sporophytes at
Wembury was approximately 1:1. Following transfer to the laboratory, reproductive cells
were released synchronously from fertile thalli by transfer from 13 ° C to 20 °C artificial
seawater (Instant Ocean, 33 %o). Gametes (released from gametophytes) and zoospores
(released from sporophytes) were identified using a microscope. The cell density of both
gametes and zoospores was 2.9X10° cells per ml, pooled from 15 plants each. Both gametes

and zoospores were kept in suspension for 12 h prior to UV exposure at constant temperature
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and PAR conditions (15 °C and 25 pmol m?>s"'). The mature thalli were cut to a length of 2

cm and exposed in open Petni dishes covered with 1 cm artificial seawater.

UV exposure conditions

The following UV-B (280 - 315 nm) exposure regimes were used: unweighted irradiance of
0.5, 1.8 and 2.2 W m™ (equivalent to weighted irradiances of 0.14, 0.51 and 0.62 W m’
respectively (Bjorn and Murphy 1985), calculated according to the generalised plant response
action spectrum (Caldwell 1971) normalised at 300 nm). This weighted function was chosen
to permit general comparison with other work in the UV field. The weighted irradiances
correspond to ambient irradiance in September, 27 % and 31 % ozone reduction (calculated
for 15.07.97), respectively. Both weighted irradiance and ozone depletion levels were
calculated for Plymouth (at an air pressure of 1000 mbar, relative humidity of 0.5 and aerosol
level of 0), at noon 12.00 of the 15.07.97 during clear sky conditions (Bjorn and Murphy
1985). Calculating with a correction factor of 0.5 due to cloud cover, the corresponding
reduction in ozone of the two elevated UV-B irradiances are 34 and 35 % (calculated for

15.07.97).

UV radiation was supplied by UV-B and UV-A tubes, filters and measurements of UV were
performed as described in detail in Chapter 3. UV-A was kept low and constant (5.1 W m”
approximately equivalent to December levels in Cornwall (Driscoll er al. 1992)) and
independent of the UV-B irradiance. PAR was kept low and constant during the entire
experimental period (25 pmol m? s, fluorescent tubes, Phillips TLD 32W/83 HF™). PAR
irradiation was measured with a PAR meter connected to a quantum sensor (model SKP 200,

Skye Instruments Ltd) and calibrated by the manufacturers. UV exposures ranging from 10 to
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60 min were performed in a constant temperature cabinet (15° C). The surrounding water was

either agitated by placing the Petri dishes on a shaking table or kept still.

Measurements of chlorophyll fluorescence induction

In vivo chlorophy!l fluorescence was recorded with an non-modulated Plant Efficiency
Analyser™ as described in detail in Chapter 3. (Hansatech Instruments Ltd). F, which is the
variable fluorescence, calculated as F, - Fy was determined before and after the UV exposures.
F, / F, was also measured and showed simitar significant changes to UV-B exposure. Control
gametes and zoospores exhibited an optimal quantum yield (F, / F,) > 0.66. However, F, is
presented here because it was affected more rapidly and to a greater extent, thus it was found
to be a more sensitive indicator of UV-B exposure. As F, is dependent on the chlorophyll
concentration, aliquots for each UV-B treatment were taken from one stock solution with an
evenly distributed unicell suspension. Prior to making measurements, the thalli or the solution
containing the unicells were dark-adapted for 10 min to ensure an oxidised electron transport
chain. Further prolonged dark adaptation (25 min) showed no change in Fy and F,. The
fluorescence measurements of the unicells were performed while the cells were kept in
suspension. Five replicates, each containing 2.9X10* cells per ml, were used for both

Z00spores and gametes.

Growth measurements

Gametes and zoospores were settled separately on glass coverslips (500 cells in 100 pl). After
12 h coverslips with the attached unicells were exposed to UV in open Petri dishes covered
with | cm artificial seawater. Following the exposures the settied embryonic sporophytes and

gametophytes were kept at 15 °C in enriched Instant Ocean (50 mg I'' NaNO; and 10 mg [
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Na,HPO,-12H,0) which was changed daily. A 12:12 h light:dark regime was used and PAR
irradiation level was kept constant as in the experiments (25 pmol m?s™). The physiological
variables in the experiment were related to differences in growth rate by measuring daily the
area of both mature thalli and randomly chosen embryonic sporophytes and gametophytes on
a Quantimet 570 Automatic Image Analyser™ fitted to a microscope (Kyowa, model SD2-
PL) during a 7 day period. The relative growth rate was calculated on log transformed data as
the slope of the transformed linear growth curves (please see Chapter 3 for more details). 15
germlings were measured in each of five replicates for the reproductive cells and five

replicates were chosen for mature thalli.

Measurement of germination success

The number of germinating cells (scored as cells with one or more cell divisions) and non-
germinating cells were counted in the microscope covering 16 patches in each of the 4

replicates containing approximately 500 germlings.

Statistical analysis

Changes in chlorophyll fluorescence F,, was tested statistically by performing one-way (single
factor) analysis of variance (ANOVA). Overall significant differences were followed by
Tukey’s HSD test to establish where these differences could be found. A two factor ANOVA
(factors: type of unicell, UV-B treatment) on log transformed data was used to test
differences in germination success between gametes and zoospores and UV-B exposures.

Multiple regressions were performed on log transformed growth data.
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6.4 RESULTS

After 30 minutes exposure to a UV-B irradiance of 0.5 W m™ (equivalent to ambient
irradiance in September in SW England) 12 h old free-swimming zoospores of E. intestinalis
experienced 30 % reduction in variable fluorescence, F,, of the pre-exposure level compared
to a non-significant reduction of 5 % in the mature thalli (Table 6.1). This experiment was
performed in still water conditions.

In Figure 6.1a significant decreases in F, (approximately 20 % compared to pre-exposure
values) were found in 12 h old free-swimming zoospores after 10 min exposure to 1.8 and 2.2
W m?. Exposures of 1 hour duration caused further decreases of 22 and 42 % respectively
(ANOVA, p<0.01). 12 hour old gametes exhibited even greater reductions in variable
fluorescence after both 10 and 60 min exposures to all UV-B irradiances. Significant
reductions of 19, 22 and 32 % compared to pre-exposure values occurred after 10 min
exposure to 0.5 to 1.8 and 2.2 W m™ respectively (ANOVA, p<0.01). Moreover, following 1
hour exposure to the different UV-B irradiances resulted in further reductions of 40, 43 and
65 % respectively in gametes. These experiments presented in Figure 6.1 were all performed
in agitated water. The weighted dose-response relationships of F, in zoospores and in gametes
to UV-B exposure, based on the generalised plant response action spectrum (Caldwell 1971)
and the inhibition of phytoplankton (Phaeodactylum) photosynthesis (Cullen ef al. 1992), are
shown in Figure 6.1c. Exponential models, fitted to the PAS 300 weighted doses resulted in
equations of y = exp (4.5476 - 0.1853 * weighted dose) for zoospores and y = exp (4.4273 -

0.33117 * weighted dose) for gametes with r* = 0.64 and 0.77, respectively.
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Table 6.1 Reduction in chlorophyll fluorescence in mature thalli and 12 h old

zoospores following exposure to UV-B.

UV-B Exposure (min) Mature thalli (%) Zoospores (%)
10 33+£3.6 195 £+ 55 *
30 4.7+ 1.8 29,5 £ 4,0 =+

Chlorophyll fluorescence was measured as F, and the percentage reduction was
calculated from the pre-exposure level. Mean + SE (n = 5), *, p<0.05; **, p<0.01,
indicate significant differences between zoospores and mature thalli within each
exposure time, one-way ANOVA. UV-B exposure of 0.5 Wm? was performed in still

water conditions.
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In another series of experiments germination success was measured for zoospores and
gametes. The ratio between germinating and non-germinating cells varied significantly
between zoospores and gametes 6 days after an initial 1 hour exposure to UV-B (Two-
factorial ANOVA, p<0.018), (Figure 6.2). Moreover, an overall significant decrease in
germination was also found for all UV-B irradiances (Two-factorial ANOVA, p<0.0001; with
no interaction between the two factors: cell type and UV-B treatment, p>0.27). The lack of
interaction between cell type and UV-B treatment secures that the two factors are
independent (i.e. no auto-correlation). After 1 hr exposure to ambient UV-B irradiance (0.5
W m?) a 50 % decrease in germination was found in fused gametes compared to controls,
whereas no effects were detected in settled zoospores. Further exposures to elevated UV-B
(1.8 W m™) caused 80 % decreased germination success in gametes compared to 50.5 % in

zoospores (two-way factorial ANOVA, p<0.0001).

Similarly, growth rates recorded daily over a 7 day period for both gametophytes (fig. 6.3a)
and sporophytes (fig. 6.3b) were inhibited after an initial 1 hour exposure to UV-B performed
on day 0. Greater reductions in growth rate occurred with increasing UV-B irradiance for
both gametophytes and sporophytes. Slopes of the linear models fitted to log transformed
gametophyte data were 0.62 for controls, 0.6, 0.55 and 0.53 for germlings with increasing
UV-B irradiance respectively. As indicated on fig. 6.3, slopes of 0.55 and 0.53 were
significantly reduced compared to slope for controls (Multiple regression on log transformed
data, p<0.01, residual degrees of freedom=135, residual MS.,=0.05, F-ratio=938.35).
Maximum inhibition of 14.5 % compared to controls was measured after exposure to 2.2 W
m*. However, the most severe inhibitions were found for sporophytes with reductions up to
16.4 % compared to controls following exposure to 2.2 W m™. Slopes of linear models for
sporophytes were 0.63 for control treatment and 0.57, 0.54 and 0.53 with increasing UV-B

irradiance. All slopes were significantly reduced compared to controls (Multiple regression on
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‘ Ll'éig ‘transformed' data, jp<0:01, residual de‘grées .of freedom=135, residual MS.;, =0.04, F-
' -rﬁii0?1f1'7r2:9.)‘. r* values. for the:fitted linear' models, ‘performed: on log, transformed' data, are

listed on the figures.
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to UV radiation (Dring ef al. 1996b) and to high visible light stress (Hanelt et al. 1997,

Liining 1980, Han and Kain 1996, Graham 1996} has been reported.

The greater sensitivity of reproductive cells to UV-B compared to the mature algae may
reflect the lack of a secondary cell wall (Lobban and Harrison. 1994). Cell wall secretions are
first initiated once the spore has attached to the substratum (LLobban and Harrison 1994). Free
swimming unicells also exhibit distinctly different photophysiology to the settled stages of
macroalgae (Beach er al. 1995). For example, photosynthetic performance of settled
zoospores of Ulva fasciata was more similar to that of mature thalli than to motile zoospores
in terms of saturation irradiance (1) and maximum net photosynthetic rate (Pn.x) (Beach ez al.
1995). Furthermore, the settlement stages of subtidal macroalgae exhibit adaptations (such as
a low saturation point for photosynthesis and growth), which enhance survival in low light
environments (Kain and Norton 1990, Liining and Neushul 1978). Low-light-tolerant
strategies enable reproductive unicells to utilise light more efficiently and persist in
environments into which they have been released and must settle (Beach ef al. 1995).
However, this selective strategy may prove detrimental as UV-B radiation increases with

decreasing stratospheric ozone concentrations during spring months.

The rapid decreases in F, in response to increasing UV-B radiation, in addition to the fact that F,
decreased in a dose-dependent manner to UV-B, indicated that F, may be suitable as a sensitive
biomarker for UV-B exposure. Consistent trends were observed in similar but not identical
experiments at intermediate exposure times. Likewise, results of decreased variable
fluorescence in chloroplasts and leaves of higher plants following UV exposure have been
reported (Bjorn et al. 1986, Renger ef al. 1986). These results are in accordance with the
findings of Larkum and Wood (1993) who concluded that F, may be used as an indicator of UV-B

inhibition. The optimal quantum yield, F, / F,, ratio, was also measured in this study and showed
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similar significant changes to UV-B exposure. However, F, is presented here because it was
affected more rapidly and to a greater extent, thus it was found to be a more sensitive
indicator of UV-B exposure. The weighted dose-response relationships of F, in zoospores and
in gametes to UV-B exposure, based on the generalised plant response action spectrum
(Caldwell 1971) and the inhibition of photosynthesis in the phytoplankton Phaeodactylum

(Cullen ef al. 1992) are shown in fig. 6.1c.

Only one other study has quantitatively measured UV-B effects on early life-stages (3 species
of the brown macroalgae Laminaria), although most exposures in the study were performed
on immature thalli (Dring et al. 1996b). Minimal F, / F,, values were found after 15 min
exposure to 0.9 W m? UV-B in 7 d old gametophytes and in young sporophytes (10 cm
length, age unknown) lowest F, / F,, values occurred after 2 to 4 hours (Dring ef al. 1996b).
UV-radiation combined with PAR in natural sunlight may be even more damaging than UV-
radiation alone. 15 to 30 min exposures to direct sunlight were sufficient to kill 1 day old
gametophytes of 3 Laminaria species (UV irradiance not measured) (Liining 1980) and

young sporophytes of L. digitata and L. hyperborea (Han and Kain 1996).

Whilst the dose-response experiments in this study, described above, were performed in
agitated water, simulating wave action, an interesting comparison could be made to UV-B
exposure of zoospores in still water conditions. After only 10 minutes exposure to 0.5 W m?
in still water F, for the zoospores was reduced by approximately 20 % (Table 6.1) compared
to a lack of response in F, after exposure with agitation (fig. 6.1a). This demonstrates the

importance of further investigating the effects of UV attenuation from wave motion before an

attempt to estimate possible biological effects of UV-B in siti can be made.
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Consistent patterns emerged throughout these experiments, with a greater sensitivity in the
sexual reproductive part of the life cycle (gametes fusing to form a zygote and developing into
the sporophyte) compared with the asexual part of the cycle (zoospores developing into
gametophytes). This was observed in free-swimming 12 hour old unicells after only 0
minutes exposure to UV-B radiation. Even at the lowest irradiance leve! (0.5 W m™) which is
comparable to ambient levels in SW England in the month of the experiment (fig. 6.1),
gametes experienced a significant decrease in variable fluorescence compared to a lack of
response in zoospores. Longer exposure times of 1 hour duration to the highest UV-B
irradiance (2.2 W m™) produced a similar response in sensitivity, and resulted in 42 %
decrease in F, in zoospores as opposed to a 65 % reduction in gametes. Likewise,
germination of fused gametes was more sensitive to UV-B exposure than germination of
zoospores, with gametes being half as likely to germinate successfully following 1 hour
exposure to 0.5 W m™ compared to controls, no effects were detected in zoospores.
Similarly, greater decreases in relative growth rates were observed in sporophytes during a 7
day period. These decreases in germination success and growth rates clearly showed irreversible
damage from UV-B exposure in reproductive unicells of E. intestinalis. This pattern of
greater sensitivity in the sexual reproductive part of the life cycle could arise from the initial
damage to the gametes and could lead to a decreased genotypic variability in the population,
although most macroalgae show alternation of asexual and sexual reproduction from one
generation to the next (Lobban and Harrison 1994). A shift towards UV-B induced asexual
reproduction could have serious implications for algal populations, as this could limit the
future potential of greater genetic tolerance to UV and other toxicants through sexual

selection. There is an urgent need for more research in this area.

The sensitivity of gametophytes and sporophytes determines whether a species can become

established in a given habitat. Recruitment success of macroalgae is naturally extremely low
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with survival chances of 1 in 0.5 million and 1 in 9 million for two Laminaria species
respectively (Chapman 1984). Furthermore, spores of opportunistic (i.e. £. intestinalis) and
some late successional algal species have slow sinking rates and may remain near the water
surface for several days (Hoffmann and Camus 1989). Consequently, further exposure to UV-
B (equivalent to 27 and 31 % ozone depletion) resulting in inhibition of photosynthesis and
impaired growth rates could have far reaching consequences for primary production in the

near shore ecosystems.

Algal species differences in sensitivity to UV exposure have been reported in young
gametophytes of macroalgae and in diatoms (Lining 1980, Karentz e/ al. 1991b). For
example, Lining (1980) found that gametophytes of L. saccharina survived longer exposures
to winter sunlight than L. digitata and L. hyperborea. Further, cell size in planktonic diatoms
has also been shown to correlate with UV sensitivity. Small cells with larger surface area to
volume ratio exhibited higher rates of DNA damage (Karentz 1994). Additionally, Bothwell
and co-workers (Bothwell er al. 1994) found community composition changes in benthic
diatoms, favouring larger cells in the presence of UV. Gametes and zoospores of E.
intestinalis measure 6 - 8 pm and 8 - 10 pum respectively, in length (Fletcher 1989) and some
red algal spore sizes range from 15 - 120 pm (Neushul 1972, Coon er al 1972).
Consequently, size of reproductive unicells may also contribute to varying sensitivity to UV
radiation among macroalgal species. Any alterations in species diversity within algal
communities could alter the transfer of energy through the aquatic food web. This may be the
most critical aspect of the ecological consequences of ozone depletion. However, only ca. 8
out of over 5000 existing species of macroalgae have currently been investigated with regard

to UV effects on reproduction.
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6.6 CONCLUSIONS

It was shown that reproductive cells were up to & fold more sensitive than adult plants to UV-
B exposure, measured as decreases in variable fluorescence and differences in growth rates.
Irreversible damage to photosystem Il occurred in both gametes and zoospores resulting in
decreased growth rates in the young sporophytes and gametophytes. The greatest inhibitions
were found in young sporophytes. Moreover, lower germination success in gametes
compared to zoospores was detected after only 1 h exposure to UV-B. The implications of a
shift towards UV-B induced asexual reproduction in algal populations are unknown. Effects
of UV-B exposure in phytoplankton and macroalgae have as yet been investigated almost
exclusively in mature or several day old immature algae. However, these results demonstrate
a great need to investigate UV-B effects in reproductive unicells of several species, and they
underline the importance of conducting such experiments to avoid under-estimation of the
ecological significance of etevated UV-B radiation. Moreover, there is an urgent need for
research investigating the interactive effects of UV-B and chemical stressors in macroalgae

since coastal regions often act as sinks for industrial and agricultural compounds.
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CHAPTER 7

INTERACTIVE EFFECTS OF UV-B RADIATION AND THE
ANTIFOULING COMPOUND IRGAROL 1051 IN THE MARINE

MACROALGA ENTEROMORPHA INTESTINALIS.

7.1 ABSTRACT

The interactive relationship between the s-triazine herbicide Irgarol 1051 and two UV-B
irradiances were evaluated in the macroalga Enteromorpha intestinalis. The antifouling
compound Irgarol 1051 was chosen because very little is known about its associated
biological effects, although it is now used regularly on boats and ships. A three-factorial
experimental design (UV-B, Irgarol 1051 and time) was used with 2 levels of UV-B
irradiance (equivalent to an ambient daily dose in May and 20 % ozone reduction) and an
Irgarol 1051 concentration of 1 pg I,

Inhibitions in optimal quantum yield of approximately 20 % were found after exposure to
UV-B or Irgarol 1051 (applied singly). When the two stressors were applied simultaneously,
however, an additive effect resulting in further reductions of up to 19.6 % compared to a
single treatment of Irgarol 1051 occurred. A greater reduction in F, / F,, of 6.3 % in thalli
exposed both to Irgarol 1051 and the highest UV-B irradiance compared to the added effect
of the two stressors occurred, indicating a potential synergistic effect. A trend of decreasing
values with increasing UV-B exposure, followed by further decreases after exposure to both
Irgarol 1051 and UV-B radiation was found for both F, / F,, and F,. These decreases in
chlorophyll fluorescence were accompanied by reductions in growth rate, amounting to 38.5

% after simultaneous exposure to both stressors.
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7.2 INTRODUCTION

Intertidal algae must be able to cope with potential changes in salinity, nutrient availability,
hydration and temperature as well as changes in visible light and UV due to the continuous
tidal changes. The current knowledge regarding macroalgal tolerance to natural stressors has
been thoroughly reviewed by Lobban and Harrison (1994), Davidson and Pearson (1996) and
Franklin and Forster (1997). Although research into the interactive effects of these natural
stressors is well established (Lobban and Harrison 1994 and references therein) almost
nothing is known about the interactions between these stressors and UV radiation (Behrenfeld
et al. 1993). Recently the importance of investigating effects of PAR and UV-A in
combination with UV-B has been realised, since it was demonstrated by several workers that
both antagonistic or synergistic effects can occur (Rundel 1983, Caldwell ef al. 1986, Forster
and Liining 1996, Franklin and Forster 1997). Studies in interactions, however, between UV-
B exposure and xenobiotic compounds such as trace metals, or organic compounds have very
rarely been attempted (Dubé and Bornman 1992) with the exception of Polycyclic Aromatic

Hydrocarbons (PAHs) (Gala and Giesy 1992).

Over 1.8 million organic compounds are produced by man at a growing rate of 250 000 new
formulations per year. 300-500 of these reach commercial production with a current global
production of 100-200 million tons per year (Zhou et al. 1996). It has been estimated that up
to 30 % of this production reaches the environment, and can cause adverse affects for marine
ecosystems (Stumm and Morgan 1981, Malins e/ al. 1988, Pridmore et al. 1992, Zhou ef al.
1996). These compounds may cause effects either on their own or in combination. For
example it is well-known that PAHs can be activated photochemically by UV-A and/or B

irradiation causing synergistic effects. The consequences are that these compounds become
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more reactive and hazardous than the additive effect of the two single stressors (Huang ef al.

1993, Ren ef al. 1994).

The addition of herbicides (in particular the s-triazine Irgarol 1051) to antifouling paints has
only recently generated attention within scientific circles and in the media. Moreover, no
previous work has investigated interactive effects between these herbicides and UV-B
exposure. Irgarol 1051 which is highly stable in the marine environment (a half-life of 800
days in sea water) (Ciba-Geigy 1995a) is currently added to over 80 products registered for
use as antifouling paints (HMSO 1994) (please see Section 1.2 for more details). Aqueous
concentrations exceeding 500 ng "' have been detected in several Mediterranean locations as
well as in areas such as Sussex, Hampshire and Hull in Great Britain (Readman et al. 1993,
Gough ef al. 1994, Zhou ef al. 1996, Tolosa ef al. 1996). Concentrations as high as 1.7 pg I

have been reported in marinas in the Cote D’ Azur (Readman ef al. 1993).

With reference to the stressors mentioned above, it is important to consider elevated UV-B
radiation as an additional environmental stressor in the marine environment. Thus,
combination effects of multiple stressors must be taken into account if we are to accurately
assess the effect of springtime ozone depletion in the marine ecosystems. As a first step in
assessing the effects of simultaneous exposure of a s-triazine herbicide and UV-B, the aims of

this study were two-fold:

a) to investigate the interactive relationship between UV-B radiation and Irgarol 1051 on in
vivo chlorophyll fluorescence in Enteromorpha intestinalis.
b) to relate this physiclogical parameter to consequent biological effects measured as

percentage increase in growth rate.
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7.3 MATERIALS & METHODS

Sample collection and preparation

Mature thalli from the intertidal macroalga Enteromorpha intestinalis (L.) (Chlorophyta)
were collected at low tide (1.4 m depth from mean HWM) from Wembury beach, Devon, in
January 1998 (sea water temperature and salinity: 11.6 °C, 35 %o). The thalli were harvested
12 hours prior to initiating the experiments and were kept in artificial seawater (Instant
Ocean, 33 %o) at constant temperature (15 °C) and in low PAR conditions (fluorescent tubes,
Phillips TLD 32W/83 HF™, 59 umol ms”) in growth cabinets. The thalli were maintained in

a 12:12h light:dark regime at 15 °C.
UV-B and 1rga rol 1051 treatments and experimental design

A three-factonal design was used to investigate the interactive effects of UV and Irgarol 1051

(the three factors were: UV-B, Irgarol 1051 and time).
The experimental set-up with 6 treatments was as follows:

Control (PAR, UV-A) | UV-B ambient (*PAR, UV-A) | UV-B elevated (+PAR, UV-A)

+ + +
1) Control + ethanol 3) Control + ethanol 5) Control + ethanol
2) Irgarol + ethanol 4) Irgarol + ethanol 6) Irgarol + ethanol
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After the initial acclimation period the thalli were cut to a length of 15 mm and placed in 20
ml glass containers with either nutrient enriched (NO5’, 50 mg I"' and PO,”, 10 mg I'") Instant
Ocean™ or Irgarol 1051 solution. Chlorophyll fluorescence was measured prior to the
experimental period. Five replicates within each treatment were used for chlorophyll
fluorescence measurements. After a ca. 20 % decrease in F, / F, in the Irgarol 1051 treated
samples (equivalent to a 13 h period in treatment solution) thalli from all treatments were
transferred to open Petri dishes, covered with 15 mm of the original treatment solution and

exposed to UV.

The chosen UV-B exposure regimes were: unweighted irradiances of 2.4 and 3.3 W m~.
These levels were chosen on the basis of previously performed dose-response experiments
(Cordi er al. 1997). A three hour exposure period was used which is equivalent to doses of
25.7 and 35.7 kJ m™ unweighted UV-B and 7.3 and 10.1 kJ m? weighted UV-B. These
weighted doses correspond to an ambient daily dose in May and 20 % ozone depletion
respectively. The ozone depletion level was calculated on the 15.07.97. The weighted doses
and the ozone depletion levels were calculated according to the generalised plant response
action spectrum (Caldwell 1971) during clear sky conditions at Plymouth. As this study was
carried out on thaili collected in January the levels used were comparatively high. The
objective of this study was to investigate the interactive relationship between UV-B and
Irgarol 1051 in short-term experiments, therefore relative high levels of both UV-B and
Irgarol 1051 were chosen to achieve an initial decrease in optimal quantum yield of 20 %.
UV-A was kept low, constant and independent of the UV-B exposure levels at an unweighted
irradiance of 3.2 W m™. This irradiance is within the same order of magnitude as maximum
theoretical levels calculated for 50° latitude (Cornwall) in December (personal comm. with

Dr. Driscoll, NRPB, Driscoll et a/. 1992). During control exposures UV tubes were covered
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with Mylar 125 D, and during UV exposures UV tubes were filtered with 35 pm cellulose

diacetate foil. PAR irradiance was kept constant and similar to the acclimation period.

Algal conditions following UV exposure

After the 3 h UV exposure period the algae were transferred to Petri dishes labelled for
individual recognition. They were kept in constant temperature cabinets (15 °C) in low PAR
conditions of 59 pmol m?s™ in a 12:12 h light:dark regime. The enriched treatment solutions

were changed every 12 h.

Growth measurements

The physiological chlorophyll fluorescence parameters and the Irgarol 1051 analyses were
related to differences in thallus growth by measuring increases in the thallus area. The growth
measurements were performed on thalli kept in separate, labelled Petri dishes containing the
same treatment solutions used throughout the experimental period. Increases in thallus area
were measured daily over a 6 day period on 12 replicates with an Quantimet Image Analyser

as described in Chapter 3.

Preparation of Irgarol 1051 solution and extraction

Test solutions of Irgarol 1051 (>97% purity, Ciba-Geigy, Basel Switzerland) were prepared
from a stock solution of 2.5 mg I'' as described by Scarlett er a/. 1997. A concentration of |
ug 1" (4 nM) (4x10”° % ethanol) was used in the experiments, this is below maximum
concentrations measured in the environment (Readman ef al. 1993). This concentration was
selected from exposure-response experiments performed by Scarlett ef al. (1997). Control
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solutions containing equal amounts of 4x10”° % ethanol and Instant Ocean only were also

prepared.

Extraction of Irgarol 1051 in water samples

Irgarol 1051 extractions from tissue and water samples (in Petri dishes and glass containers)
were performed on 3 replicates both at O hr and 24 h to determine the extent of Irgarol 1051
loss. As a minimum of 200 ml and 1 g tissue was necessary for the water and the tissue
analyses respectively, it was necessary to use a greater volume of water or quantity of tissue
for the analyses compared to that used in the experiments. However, care was taken to use an
identtcal water / tissue ratio to that used in the experiments.

Treatment solutions were transferred from exposure vessels into volumetrics to a final volume
of 250 cm® by adding deionised water. Samples were shaken for 2 min with 5 cm’ aliquots of
hexane (X3) to extract the Irgarol 1051. Exposure vessels and volumetrics were each rinsed
with 5 cm’. Ametryn internal standards were added to the extracts, which were then
transferred to -15 °C to facilitate separation of the solvent from the water.

Water samples (200 ml) were stored at 4 °C for no longer than 4 days prior to extraction.
Extraction and analysis were carried out as described by Zhou er al. (1996). Samples were
analysed using GC-MS in selected ion monitoring (SIM) mode. The selected Irgarol 1051
ions were 182, 238, with 253 amu used for quantification, and for the ametryn the ions were
184, 227 with 212 for quantification. Analyses were performed with a Hewlett Packard GC
5890 Series I, equipped with an automated on-column injector and a HPSMS capillary
column (30 m X 0.25 mm X 0.25 pm) with an uncoated pre-column (1 m X 0.25 mm)
coupled to a Hewlett Packard mass selective detector 5972 (electron impact, quadrupole).

The carrier gas was helium, GC conditions were as described by Zhou et al. (1996). The
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calibration curve for Irgarol 1051 with GC-MS was linear over the range 0 - 10 ng pl” (r =

0.9998) and the limit of detection for the water samples was 5 ng I'".

Extraction of Irgarol 1051 in algal tissue

Thalli (1 g wet weight) were cut and mixed with 10 g anhydrous sodium sulphate, placed in
cellulose extraction thimbles (20 mm X 50 mm) and internal standard spikes (ametryn) were
added. The algal tissue was solvent extracted with 50 cm® of 1:1 acetone-dichloromethane
(DCM) for 20 hours using 25 mm bore soxhlets. The extracts were concentrated under
nitrogen; 2 cm’ of isohexane was added and the extract evaporated under nitrogen again. This
process was repeated three times to ensure that all the acetone was removed.

The samples were purified using alumina column chromatography eluted with solvents of
increasing polarity. Chromatographic glass columns were filled with 3 g of alumina (5 % de-
activated with Milli-Q water™) and topped with 1 cm of anhydrous sodium sulphate. The
sample extracts were loaded onto the columns in 2 cm® of isohexane and eluted with 20 cm®
of isohexane followed by 20 cm® of isohexane-DCM (1:1). The last 20 cm® were collected
and concentrated to 0.3 cm’ under nitrogen. The purified extracts were analysed by GC-MS
as described above. The limit of detection for the tissue samples was 1 ng I"'. Water and tissue

extractions were carried out by Alan Scarlett.

Statistical analyses

For both chlorophyll fluorescence and the growth data sequential sampling of each thallus was
performed. A three factor ANOVA (with or without Irgarol 1051, three levels of UV-B
irradiance (0, lUV-B, 2UV-B) and two time intervals) was used for chlorophyll fluorescence

data to investigate the interactive relationship between UV-B and Irgarol 1051. The two time
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intervals used were after the 3 h UV exposure and after 31 h. Values measured at these two
time periods were subtracted from the pre-exposure value and then analysed. Growth data
were analysed by multiple regression analysis on log transformed data calculated as

percentage increase in area compared to the first day.

7.4 RESULTS

Chlorophyll fluorescence measurements

An overall significant decrease in F,/ F,, was observed following a 3 hour exposure to two
levels of UV-B (2.4 and 3.3 W m?, 3 factorial ANOVA, p< 0.00001, presented in fig. 7.1a).
In Figure 7.1a Furthermore, an overall significant decrease in F,/ F,, was also found after 13 h
of exposure to Irgarol 1051 and throughout the experimental period (3 factorial ANOVA,

p< 0.00001). A significant interaction between UV-B and Irgarol 1051 was found (p<0.02)
indicating that the effect of each level of UV-B was dependent of the presence of Irgarol 1051
(and vice versa); thus the effect of Irgarol 1051 differed between the two levels of UV-B. No
overall significant time effect was observed between the 3 hr exposure and the 31 hours (p>

0.5). ANOVA tables are presented in Table 7.1.

After the 3 h exposure to the two levels of UV-B (equivalent to an ambient July dose and 20
% ozone depletion) a decrease in the optimal quantum yield of 10.8 and 17.1 % respectively
compared to controls, occurred in thalli which were only exposed to UV-B as depicted in
Figure 7.1a. In thalli treated only with Irgarcl 1051 an initial average decrease of 20 % was
found after 13 h. Thalli exposed to both Irgarol 1051 and the two UV-B irradiances
experienced a further decrease of 13.0 and 19.6 % respectively compared to thalli treated only

with Irgarol 1051, amounting to a total decrease of 40 and 46.6 %.
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Table 7.1. ANOVA tables for the three factor ANOVA analyses (with or without Irgarol

1051, three levels of UV-B irradiance (0, 1UV-B, 2UV-B) and two time intervals). The two

time intervals used were after the 3 h UV exposure (refered to as 13 h on figures) and after 31

h. Values were subtracted from the pre-exposure value and then analysed.

ANOVA table for F, / F,, data

Source Sums of Squares DI Mean Square F-ratio P-value
Main effects
A: irgarol 0.354 1 80.24 0.000
B: time 0.0018 1 0.40 0.531
C. UV 0.229 2 25.92 0.000
Interactions
AB 0.006 1 0.006 1.35 0.251
AC 0.038 2 0.019 4.25 0.019
BC 0.095 2 0.048 10.77 0.000
Residual 0.225 51 0.0044
Total, corrected 0.956 60

ANOVA table for F, data

Source Sums of Squares Df Mean Square F-ratio
Main effects
A: irgarol 1.35E6 1 1.351E6 16.7 0.000
B: time 8335.39 1 8335.39 0.10 0.749
C: UV 1.026E6 2 513073.0 6.34 0.0035
Interactions
AB 64577.9 1 64571.9 0.80 0.376
AC 222042.0 2 111021.0 1.37 0.263
BC 479101.0 2 239550.0 2.96 0.061
Residual 4,125E6 51 80878.6
Total, corrected 7.266E6 60

ANOVA table for Chlorophyll fluorescence complementary area

Source Sums of Squares Df Mean Square F-ratio P-value
Main effects
A: irgarol 7.52E8 I 7.521E8 25.9 0.000
B: time 1.41E8 1 1.408E8 485 0.032
C:uv 1.678E8 2 8.388E7 2.89 0.065
Interactions
AB 929815.0 | 929815.0 0.03 0.859
AC 5.912E7 2 2.956E7 1.02 0.369
BC 4.983E7 2 2.491E7 0.86 0.430
Residual 1.481E9 51 2.904E7
Total (correcied) 2.659E9 60
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After 31 h, thalli which were only exposed to UV-B were not significantly different to control
thalli. The F, / F,, ratio in thalli exposed to Irgarol 1051 and the highest UV-B irradiance were
still reduced by 29.6 % after 31 h compared to controls. This decrease was equivalent to a
further 12 % reduction compared to thalli treated with Irgarol 1051; amounting to 6.3 %

more than the inhibition found from an added effect (29.6% compared to 23.3 %).

A similar trend found for F, / Fy,, of decreasing levels with increasing UV-B exposure and
further decreases after simultaneous exposure to both stressors, was also measured for
variable fluorescence, as depicted in Fig 7.1b. An overall significant decrease in F, was
observed following a 3 hour exposure to UV-B and after 31 hours (3 factorial ANOVA, p<
0.004). Reductions of 18.5 % and 29.8 % compared to controls were found after exposure to
the two UV-B irradiances respectively. Similarly, an overall significant decrease in F, occurred
after exposure to Irgarol 1051 (3 factorial ANOVA, p< 0.0002). Maximal reductions of 51.9
% and 60.7 % compared to controls were measured after 16 h following simultaneous
exposure to Irgarol 1051 and the two UV-B irradiances respectively. No interaction between
UV-B and Irgarol 1051 was found (p> 0.2) and no overall time effect was observed between

the 3 hr exposure and after 31 hours (p> 0.7).

Likewise, a highly significant decrease in the area calculated from the fluorescence induction
curve was detected in thalli treated only with Irgarol 1051 as shown in Figure 7.2 (3 factonal
ANOVA, p< 0.00001). A reduction of up to 52 % compared to controls was measured in
thalli exposed to Irgarol 1051 for 31 hours. A significant time effect was found after 16 and
31 hours treatment (p< 0.03). However, no significant decrease in the area occurred after

exposure to the two UV-B irradiances (p> 0.06).

Growth measurements
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Highly significant decreases in growth rates were observed in thalli from all treatment groups
(fig. 7.3) (multiple regression, p< 0.01). Thalli exposed to 3.3 W m? were initially (day 1)
significantly larger than thalli from the other treatments (One-way ANOVA performed on
intercepts (raw data), p< 0.05, F-ratio=3.45, degrees of freedom=66, MS,=115.8).
However, this difference was not reflected in any particular pattern in growth rates between
the different treatment groups. Thus, it can be assumed that this initial difference in size did
not cause any bias in the measurements of growth rates. Decreases in growth rates of 15.4 %
and 23.1 % compared to controls (growth rates of 0.11 and 0.1 compared to 0.13 for
controls) occurred in thalli exposed to UV-B irradiances of 2.4 and 3.3 W m™ respectively.
Thalli exposed only to Irgarol 1051 suffered reductions of 30.8 % compared to controls
(calculated from a growth rate of 0.09). Moreover, thalli exposed to both Irgarol 1051 and
the two UV-B irradiances experienced decreases of 35.4 % and 38.5 % (growth rates of

0.084 and 0.08) respectively compared to control thalli.

Irgarol 1051 extraction analyses

Table 7.2 lists the concentrations of Irgarol 1051 measured in the water samples and in the
macroalgal tissue respectively. Approximately 30 % and 45 % of the Irgarol 1051 in the water
samples was taken up by tissue contained in glass ware or in Petr: dishes respectively after 24

hours.
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Table 7.2. Analyses of Irgarol 1051 concentrations in water samples and in tissue samples of

E. intestinalis. Means + SE, n=3, although for control tissue n=5.

Water samples

Sample

Pre-exposure solution
Tissue 24 h in solution

No tissue, solution left for
24 h

Container used

glass
glass

Petri dishes

Concentration (ng 1)

1091.2 £ 15.0
773.9+25.6

601.6+21.8

Tissue samples

Control tissue

Tissue 24 h in solution

Tissue 48 h in solution

Petri dishes

Petri dishes

Petri dishes

Below detection limit

201+ 6.5

327+31.7*

The detection limit in tissue samples was 1 ng I
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7.5 DISCUSSION

Chlorophyll fluorescence

UV-B radiation and Irgarol 1051 singly and in combination reduces chlorophyll fluorescence
following short-term exposures. Moreover, when the two stressors were applied
simultaneously, an additive effect on the optimal quantum yield was found, resulting in further
reductions of up to 19.6 % compared to a treatment of Irgarol 1051 applied alone. In
addition, a greater decrease in F, / F, was measured after 31 h in thalli exposed both to
Irgarol 1051 and the highest UV-B irradiance compared to the added effect of the two
stressors. This greater reduction amounting to 6.3 %, in combination with a significant
interaction between the two stressors, may indicate a potential synergistic effect.
Furthermore, there was no overall difference in F, / Fy, between 16 h and 31 h, indicating a
lack of recovery within this time period (this was also confirmed by the measured lack of a
significant time effect). The concurrent exposure of UV-B and Irgarol 1051 also resulted in
additive effects in variable fluorescence, F,. Decreases of up to 60.7 % compared to controls
were observed in thalli exposed to Irgarol 1051 and the highest UV-B irradiance. A maximum
of 45 % of the Irgarol 1051 contained in the water samples was taken up by thalli after 24
hours (Table 7.2) and the treatment solution in the experiments was replaced every 12 h.
Thus, it can be assumed that Irgarol 105] uptake by thalli was not limited during the

experimental period.

The triazine type herbicides are well-known inhibitors of electron transfer between Q. and
Qg, the primary and secondary plastoquinone electron acceptors of photosystem II (PS II)

(Vermaas et al. 1984). These herbicides influence the variable fluorescence yield, as the
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proportion of energy trapped by the PS II antenna which is not able to transfer beyond Qa, is
re-emitted as variable fluorescence (Samson and Popovic 1988). Similarly, UV-B radiation
affects several target sites in photosynthesis. UV-B also impairs the D1 protein associated
with PS II, resulting in a decrease of the noncyclic photosynthetic electron transport (Renger
el al. 1989, Tevini et al. 1989, Melis ef al. 1992, Franklin and Forster 1997). Therefore, as
both stressors cause damage to the same target sites, interactive effects from simultaneous
exposure can be expected, resulting in further decreases in F, / F,, and F,. The reductions in
chlorophyll fluorescence measured in this study confirm the above findings and show that
both the optimal quantum yield and the variable fluorescence are sensitive indicators of

combination effects between these two stressors.

The complementary area calculated from the fluorescence induction curve was also very
sensitive to treatment of Irgarol 1051, but was not affected by exposure to UV-B. The area is
proportional to the PS II electron acceptor pool, which determines the photochemical activity
of PS II (Lavorel ef al. 1986, Samson and Popovic 1988). Melis and Screiber (1979) reported
that the area above the induction curve was a direct indicator of PS II photochemistry, and
Malkin et al. (1981) found a good correlation between this parameter and photosynthetic
capacity estimated as CO, fixation. Samson and Popovic (1988) concluded that this parameter
1s a reliable and sensitive indicator of herbicide toxicity. However, as no response occurred
following UV-B irradiation, it is not a suitable indicator of combination effects between s-

triazines and UV-B.

Scarlett er al. (1997) measured greater reductions in optimal quantum yield (up to 10 %) after
exposure to Irgarol 1051 compared to reductions reported here. These workers also exposed
thalli of E. intestinalis to 1 pg I'' (4 nM) Irgarol 1051 for 25 h. The difference in sensitivity

between the two studies may be caused by a difference in the concentration of Irgarol 1051 at
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the collection sites. The average concentration of Irgarol 1051 measured at Sutton Marina,
the collection site chosen by these workers, was 84.3 ng I compared to a level below
detection (1 ng Iy in water samples collected from Wembury (Scarlett ef al. 1997). Hence,
chronic contamination in situ may result in greater toxic effects compared to those found in
this study. The average levels of Irgarol 1051 detected within marinas so far, e.g. 500 ng I at
Port Solent (Gough et al. 1994) and 700 ng |"' on the Humber, are below the concentration
used here (Zhou ef al. 1996). However, if the current low usage of Irgarol 1051 were to
increase, it is possible that estuarine concentrations may also approach or even exceed this
level (Scarlett et al. 1997). Moreover, concentrations as high as 1.7 pg I, measured at Céte
d’Azur (Readman e/ al. 1993), could on the basis of the data presented here and the data of
Scarlett et al. (1997), cause up to an extra 20 % decrease in PS II efficiency, amounting to a

total decrease of approximately 70 %.

Growth measurements

Reduced growth rates measured in thalli from all treatment groups indicate non-reversible
damage following exposure to UV-B and Irgarol 1051. Increasing UV-B irradiance led to
further reductions in growth rates, an effect which was even more pronounced with the
addition of Irgarol 1051. Reductions of up to 38.5 % occurred after simultaneous exposure
to both stressors. Physiological effects associated with exposure of algae to photosynthetic
inhibitors (among several families of herbicides) have previously been reported (Gramlich and
Frans 1964, Arvik ef al. 1973, Hiranpradit and Foy 1992). Hiranpradit and Foy (1992)
measured inhibitions in growth rate in several fresh water algal species following treatments
of 4 s-triazines (applied singly). Concentrations as low as 0.23 pM of all four herbicides

inhibited growth of Chlamydomonas pyrenoidosa, C. reinhardtii Danegeard, and
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Scenedesmus quadricauda (Turp.). Gramlich and Frans (1964) found inhibitions in growth

rate in C. pyrenoidosa following exposure to atrazine at a concentration of 1.0 uM.

Investigations into the effects of herbicide mixtures have been undertaken in aquatic
macrophytes (Forsyth ef al. 1997). Moreover, interactive effects in terrestrial plants following
the addition of two herbicides have been measured (Devlin 1973, Bowes 1976, Lym and
Messersmith 1985). Lym and Messersmith (1985) reported increased mortality of leafy spurge
(Euphorbia esula L.) following exposure to the two herbicides, picloram and 2,4-D in

Tordon® 202C compared to treatment of picloram alone.

Few workers have investigated the biological effects of Irgarol 1051 contamination. Dahl and
Blanck (1996) found inhibited photosynthetic activity and algal biomass in periphyton
communities, in short-term (hour) exposures, at Irgarol 1051 concentrations of 1-4 nM (0.25-
1 pg I''). Long-term experiments (weeks) produced effects at lower concentrations of 0.25-1
nM (0.063-0.25 ug I'"). Furthermore, Irgarol 1051 was 70 times more toxic to microalgal
communities than atrazine, and it was concluded that Irgarol 1051 is likely to damage
microalgal communities in contaminated coastal waters (Dahl and Blanck 1996). Shifis in
community structure have also been observed for phytoplankton (Gustavson and Wingberg
1995). This study demonstrates for the first time the importance of considering possible
combination effects between UV-B exposure and s-triazine herbicides. These results are
relevant to the real-world situation where organisms are often exposed simultaneously to a
variety of stressors, in contrast to many laboratory exposures that aim to elucidate the effects
of individual stressors. If the combination effects found here also exist for other species of
algae, then clearly the ecological significance of elevated UV-B exposure may be seriously

under-estimated in coastal waters contaminated with Irgarol 1051
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7.6 CONCLUSIONS

UV-B radiation and Irgarol 1051 applied simultaneously resulted in additive effects on the
optimal quantum yield and the variable fluorescence in L. intestinalis. A trend found for in
vivo chlorophyll fluorescence, of greater reductions with increasing UV-B irradiance,
followed by further decreases after simultaneous exposure of both stressors, was also
reflected in decreases in growth rate.

The results presented here provide useful preliminary insights into the interactive effects of
UV-B and Irgarol 1051. They heighten the concern that increased UV-B may result in
adverse effects on macroalgal populations, as coastal regions often act as sinks for industrial
and agricultural compounds. The fate and effects of Irgarol 1051 require substantial further
evaluation. The objective of this study was to investigate the interactive relationship between
these two stressors, hence relative high levels of both UV-B and Irgarol 1051 were used to
achieve an initial decrease in optimal quantum yield of 20 %. However, the chosen Irgarol
1051 concentration of 1 pg I'' was within the highest concentrations reported in marinas
elsewhere in Europe. More research is needed to investigate the effects of chronic exposures
to lower levels of UV-B and Irgarol 1051. Additionally, there is an urgent need to investigate
the effects of these stressors in non-target macroalgae. Also, it is important to consider the
contamination of the coastal waters with other herbicides (Bester and Hithnerfuss 1993,
Gough er al. 1994) which are similar to Irgarol 1051 in structure and mode of action, and

which will contribute to combined effects (Altenburger et al. 1993).
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CHAPTER 8

EFFECTS OF SIMULTANEQUS EXPOSURE TO UV-B AND IRGAROL

1051 IN TWO NON-TARGET MACROALGAE.

8.1 ABSTRACT

The non-target macroalgae Palmaria palmata and Porphyra umbilicalis (Rhodophyta) were
studied to assess possible interactive effects between UV-B radiation and Irgarol 1051.
Reductions in chlorophyll optimal quantum yield and growth rates were determined in a 3
factorial design (Irgarol 1051, UV-B and time). Levels of unweighted UV-B (2.1 W m) and
Irgarol 1051 (5 pg I™") were established in initial dose-response experiments. It was concluded
from these experiments that these two non-target algae are relatively tolerant to Irgarol 1051
when applied alone. In the factorial experiment initial reductions in F, / F,, were found after a
single exposure to UV-B irradiation (14.5 % compared to controls in both species) and after
25 hours treatment with Irgarol 1051 (21.6 % in P. palmata and 24.7 % in P. umbilicalis).
However, simultaneous exposure to both stressors caused further decreases in F, / F,
amounting to 31.3 % in P. palmata and 38.4 % in P. umbilicalis compared to control thalli.
A 90 % recovery of F, / F,, ratio was observed for P. umbilicalis. In P. palmata, a lack of
recovery in F, / F, was found after 25 h exposure to Irgarol 1051 and 50 min exposure to
UV-B radiation. Thalli exposed continuously to Irgarol 1051 and 50 min to UV-B were
unable to grow. Although non-target algae may not be particularly sensitive to short-term
exposures to environmentally relevant concentrations of Irgarol 1051, interactive effects
between UV-B and Irgarol 1051 may cause unexpected additive effects on optimal quantum

yield and growth rates. In view of springtime changes in the ozone layer and the related
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increases in UV-B, interactions between UV-B and chemical stressors should be studied

across a wider range of herbicide types and algal species.

8.2 INTRODUCTION

The input and number of hydrophobic organic micropollutants (HOMSs) such as pesticides,
antifouling agents and polynuclear aromatic hydrocarbons (PAHs) released from industry and
agriculture have increased dramatically in certain regions over the past decades (North Sea
Report). These chemicals enter the aquatic environment via atmospheric transport, spray drift,
groundwater leaching, soil run-off and sewage inputs (Zhou et al. 1996) and can cause
detrimental effects on the marine biota (Reijnders 1986, Malins ef al. 1988, Pridmore et al
1992). The recent discovery of the ozone hole and the related increases in UV-B will
therefore impose an additional environmental stress, apart from the present pollution stress

from industrial waste and agricultural fertilisers.

Several surveys have recently documented the existence of Irgarol 1051 in marinas, estuaries
and rivers at varying concentrations (Readman ef al. 1993, Gough ef al. 1994, Zhou ef al.
1996, Tolosa et al. 1996). The most important question raised from these observations is
whether Irgarol 1051, either alone or in combination with other herbicides and elevated UV-
B, can adversely affect indigenous algal populations. Dahi and Blank (1996) demonstrated
that Irgarol 1051 can produce detrimental effects on the biomass, net photosynthesis and
community structure of microalgal populations in coastal water microcosms. Similar results
were found for marine phytoplankton in mesocosms treated with environmentally realistic
levels of the agrochemical triazine herbicide atrazine (Bester ef al. 1995). Moreover, effects
of elevated UV-B on macroalgal populations have been assessed by several workers (Larkum
and Wood 1993, Grobe and Murphy 1994, Dring ef al. 1996a,b, Cordi ef al. 1997, Cordi et
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al.1998a,b). While this work has made a very valuable contnibution to our understanding of
the isolated effects of triazines and UV-B radiation in the marine environment, the results
outlined in Chapter 7, on the fouling alga E. intestinalis, are the only ones avaliable on the
interactive effects of these two stressors. The experiment described in this chapter may be
considered as the first step in assessing the interactive effects of UV-B and Irgarol 1051 in

non-target algae.

The aims of this study were to:

a) determine the concentrations at which Irgarot 1051 affects the Photosystem II efficiency in
the two non-target macroalgae Palmaria palmata and Porphyra umbilicalis (Rhodophyta).
b) establish dose-response curves for varying doses of UV-B in both species.

c) investigate combination effects of Irgarol 1051 and UV-B on optimal quantum yield and to

relate these changes to adverse effects on growth rate.

8.3 MATERIALS & METHODS

The study consisted of two parts, a series of dose-response experiments with UV-B radiation
and Irgarol 1051 and a 3 factorial experiment exposing the algae simultaneously to both

Stressors.

Sample collection and preparation

Mature thalli of Porphyra umbilicalis (L) (Rhodophyta) and Palimaria palmata (L))
(Rhodophyta) were collected at low tide from Wembury beach in May and June 1998 (sea
water temperature and salinity: 16.0 °C, 35 %e). P. umbilicalis and P. palmata were collected
at approximately 1.7 m and 5.2 m depth from the average high water mark respectively. The
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thalli were harvested 12 hours prior to initiating the experiments and kept in artificial sea
water (Instant Ocean, 33 %o) at constant temperature (15 °C) and in low PAR conditions
(fluorescent tubes, Phillips TLD 32W/83 HF™, 33 pmol m%s™) in growth cabinets. This
PAR irradiance level was kept constant throughout the different experiments. The thalli were
maintained in a 12:12h light:dark regime at 15 °C. After the acclimation period branches of P.
palmata plants were cut at the bases to an approximate length of 15 mm and thalli of from P.
umbilicalis were cut into discs of 18 mm diameter. The thalli were placed in nutrient

enriched (NO5", 50 mg I'' and PO,*, 10 mg I} Instant Ocean for the experiments.

Exposure-response experiments

Test solutions of Irgarol 1051 (>97% purity, Ciba Geigy, Basel Switzerland) were prepared
from a stock solution of 2500 pg I as described by Scarlett ef al. (1997). Concentrations of:
1, 2.5, 5, 10, 25, 50, 200, and 500 pg I (0.01% ethanol) were prepared from the stock
solution. Both test solutions and the stock solution were allowed to mix thoroughly by
magnetic stirrer. Control solutions containing equal amounts of 0.01 % ethanol and Instant
Ocean only were also prepared. The thalli were placed in individually marked Petri dishes
with either nutrient enriched Instant Ocean or Irgarol 1051 solution. The enriched treatment
solutions were changed every 12 hours. Petri dishes were used in this study based on findings
from the water sample analyses in the previous chapter that they are as suitable as glass
containers for Irgarol 1051 experiments (Please see Table 7.1 in the previous chapter). Care
was taken to use a similar water / tissue ratio as in the previous chapter. /n vivo chlorophyll

fluorescence was measured repeatedly on 6 replicates over a 72 h time period.

Dose-response experiments with varying UV-B doses were also performed on both species.

An unweighted UV-B irradiance of 2.1 +£ 0.2 W m?, equivalent to 0.58 W m™ weighted UV-
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B irradiance was used with increasing exposure times. The weighted UV-B irradiance and
doses were calculated according to the generalised plant response action spectrum (Caldwell
1971). UV-A was kept low, constant and independent of the UV-B doses at an unweighted
irradiance of 9.6 W m2. This irradiance is similar to the maximum theoretical levels calculated
for 50° latitude (Cornwall) in January (personal comm. with Dr. Driscoll, NRPB; Driscoll et
al. 1992). For control exposures, UV tubes were covered with Mylar 125 D and for UV-B
exposures UV tubes were filtered with 35 um cellulose diacetate foil (no UV-C). The thalli
were transferred to open Petri dishes, covered with 15 mm of enriched sea water and exposed
to UV. Five replicates within each treatment were used for chlorophyll fluorescence

measurements.

UV and Irgarol 1051 factorial experiment

A three-factorial design was used to investigate the interactive relationship between UV-B

and Irgarol 1051 over time (the three factors were: UV, Irgarol 1051 and time).

The experimental set-up with 4 treatments was as follows:

Control (No UV-B + PAR, UV-A) UV-B ambient + PAR, UV-A
+ +
1) Control + ethanol 3) Control + ethanol
2) Irgarol + ethanol 4) Irgarol + ethanol

In the factorial study, a reduction in optimal quantum yield of approximately 25 % was

desired for both species following an isolated treatment with either Irgarol 1051 or UV-B.
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Therefore, from the dose-response experiments, an Irgarol 1051 concentration of 5 pgl®
was chosen for both species. Test solutions of Irgarol 1051 and control solutions were
prepared as described above. After 25 hours in the treatment solutions, thalli from all
treatments were transferred to open Petri dishes, covered with 15 mm of the onginal
treatment solution and exposed to UV. An unweighted UV-B irradiance of 2.1 W m™, similar
to the dose-response experiments, was used. Exposure periods of 50 min and 6 hours were
chosen for P. palmata and P. umbilicalis respectively, to achieve ca. 25 % reduction in F, /
F... These exposure periods were equivalent to doses of 6.2 and 44.7 kJ m” unweighted UV-
B and 1.8 and 12.6 kJ m” weighted UV-B. The weighted doses correspond to less than
ambient daily dose in April and 30 % ozone depletion respectively (calculated for 15.07.97).
The weighted doses and the ozone depletion levels were calculated according to the
generalised plant response action spectrum (Caldwell 1971) during clear sky conditions at
Plymouth. The ozone depietion level was calculated on the 15.07.97. UV-A and PAR were
kept constant and similar to the dose-response experiments. Nine replicates within each

treatment were used for chlorophyll fluorescence measurements.

Algal conditions following UV exposure

After the UV exposure period, the algae were transferred to labelled Petri dishes containing
enriched Instant Ocean and the water was changed daily. They were kept in constant
temperature cabinets (15 °C) in low PAR conditions of 59 pmol m™?s™ in a 12:12 h light:dark
regime. The thalli were maintained in these conditions for a further 72 h to investigate

recovery patterns.

Growth measurements
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Following the UV exposure separate thalli used only for growth measurements were
transferred to 2 | tanks which contained the same treatment solutions throughout the
experimental period. The solutions were changed every 2 days. To allow individual
identification the thalli were tied to small free-standing glass holders placed on the bottom of
the tanks. Thalli of P. palmata were tied by the base and thalli of P. umbilicalis were tied by
making a small hole through the thallus. The measurements were performed on separate thalli,
and increases in thallus area were measured daily over a 7 day period with an Quantimet

Image Analyser as described in Chapter 3. Nine replicates were chosen for both species.

Statistical analyses

For both chlorophyll fluorescence and growth data, sequential sampling of each thallus was
performed. To investigate the interactive relationship between UV-B and Irgarol 1051, multi
factor ANOVAs were applied to the chlorophyll fluorescence data. A Two factor ANOVA
(with or without Irgarol 1051, with or without UV-B radiation) was applied to chlorophyll
fluorescence data collected after the simuitaneous exposure to both UV-B and Irgarol 1051.
Further, data collected during the recovery period was analysed using a three factor ANOVA
(with or without Irgarol 1051; with or without UV-B radiation; and 3 time intervals). All
values were subtracted from the pre-exposure value and then analysed. Growth data were
analysed by multiple regression analysis calculated as percentage increase in area compared to

the first day.
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8.4 RESULTS

Dose-response experiments

The unweighted and weighted UV-B dose-response curves for P. palmata appeared to follow
square root-X models as depicted in fig. 8.1a. The following calculations are based on the
measured data (not the estimated models). An unweighted dose of 3.9 kJ m™ (corresponding
to a weighted dose of 1.1 kJ m™, equivalent to approximately ambient daily dose in April)
rcsulted in 27 % reduction in optimal quantum yield compared to control thalli. A 50 %
reduction in F, / F,, compared to control exposures was observed after exposure to an
unweighted UV-B dose of 12.0 kJ m? (equivalent to 3.38 kJ m™ weighted UV-B and an
ambient daily dose in May). For P. umbilicalis both unweighted and weighted dose-response
curves appeared to follow exponential models; the equations are included on Figure 8.1b. An
unweighted dose of 44.7 kJ m™ (equivalent to weighted dose of 12.6 kJ m™, equivalent to a
30 % ozone depletion in July) resulted in a 20.1 % reduction in F, / F,, compared to the

control exposure. A 50 % reduction was found after an unweighted dose of 95 kJ m™.

The effect of Irgarol 1051 on F, / F,, ratio was observed for P. palmata after only 3 hours
exposure to 25 pg I'' (fig. 8.2a). Incubation for longer periods of time resulted in marked
decreases in F, / F,, ratio with lower Irgarol 0151 concentrations. Apparent equilibration was
found after 25 hours for concentrations below 25 pg I'' and after 72 hours for concentrations
above 25 pug I"'. A 20 % reduction in F, / F,, was observed after 48 hours treatment with an
Irgarol 1051 concentration as low as 1 pg I, and 30 % reduction was measured after 25
hours treatment with 5 pg I'. An apparent EC 50 (72 h), for this species, was found after
exposure to 25 pg I''. Decreases in optimal quantum vyield of approximately 20 % was
measured for P. umbilicalis after 25 h treatment to a concentration of 2.5 pg 1" and 30 %

decrease was noted with a concentration of 5 pg I'' (fig. 8.2b). F, / Fx, ratio appeared to reach
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8.5 DISCUSSION

Dose-response experiments

Dose-response relationships between varying UV-B doses and optimal quantum yield were
established for P. palmata and P. umbilicalis. Marked differences in sensitivity to UV-B
exposure were found between these two species, clearly demonstrated by the difference in ED
50 values (Effective Dose resulting in 50 % deceased F, / F,, ratio). At an ambient dose of
UV-B, equivalent to a daily weighted dose in April (1.1 kJ m?), 27 % decrease in F, / F,, was
found in P. palmata. Moreover, at a weighted dose equivalent to 20% ozone depletion in
May (5.8 kJ m?, the month of the experiment) a 63 % reduction, compared to controls, was
observed in this subtidal species. On the contrary, the intertidal P. umbilicalis was very
tolerant to short-term exposures of elevated UV-B doses, which confirms the high degree of
adaptability of this species to UV irradiation (Dring ef al. 1996a). This difference in sensitivity
between P. palmata and P. umbilicalis was also observed in an outdoor experiment (please
see Chapter 4.1), and may be related to habitat-dependent differences in UV exposure
(Larkum and Wood 1993). Habitat-dependent tolerances in photosynthesis and survival to

UV-B exposure have been reported by several workers (Herbert 1990, Dring ef al. 1996a).

The exposure-response curves with varying concentrations of Irgarcl 1051 revealed toxicity
to thalli of both P. palmata and P. umbilicalis at a concentration of 1 pg I Reductions up to
20 % in F, / F,, were observed in both species after 48 hours exposure. This was a much
lower concentration than the Minimum Inhibition Concentration of 10 pg I quoted by the
manufactures (Ciba-Geigy 1995b), based on the growth of green algae. Differences in
sensitivity between the two macroalgal species were demonstrated in the apparent EC 50 (72

h) values of 25 ug 1! found for P. palmata compared to 250 pg 1" for P. umbilicalis. Both
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non-target species exhibited a much greater tolerance to short-term exposure to Irgarol 1051
compared to E. infestinalis, a major fouling alga (Scarlett er al. 1997 and Chapter 7). A
plateau in the dose-response curve at a 40 % decrease in F, / F, occurred for P. umbilicalis
between concentrations of 5 to 50 pg 1". A possible explanation may be a lack of available
Irgarol 1051 in the treatment water, thus equilibration was not reached. However, although
no direct measurements of Irgarol 1051 were made in this study, a similar water to thallus
ratio was used compared to the previous study. In Chapter 7 it was concluded that only 45 %
of Irgarol 1051 was taken up after 24 hours (Table 7.1). As the treatment water was changed
every 12 h it can be assumed that the uptake of Irgarol 1051 by thalli was not limited during
the experimental period. The results demonstrate comparatively high tolerance to short-term
Irgarol 1051 exposure, when applied alone. However, there is a need to confirm this apparent

tolerance to Irgarol 1051 in chronic exposure experiments.

UV-B and Irgarol 1051 factorial study

[t was demonstrated that UV-B radiation and Irgarol 1051 singly and in combination can
reduce chlorophyll fluorescence following short-term exposures in P. palmata and P.
umbilicalis. This is in accordance with the results from the factorial experiment with E.
intestinalis in the previous study. Moreover, when these two stressors were applied
simultaneously an additive effect on the optimal quantum yield was found, resulting in further
reductions of 6.5 % for P. palmaia and 11.2 % for P. umbilicalis, compared to a treatment of
Irgarol 1051 applied alone. This finding of an additive effect was supported by the lack of
interaction between the two stressors after this treatment. No recovery was found for P.
palmata 3 days afier any of the treatments, as indicated by the lack of time effect (p> 0.59).
However, for P. umbilicalis a 90 % recovery compared to controls was found (indicated by

the significant time effect, p< 0.002). Thus, the greater tolerance noted for P. umbilicalis in
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the dose-response experiments was also measured when both UV-B and Irgarol 1051 were

applied together.

Additive effects of both stressors, demonstrated here at a very low dose of UV-B in P.
paimata (equivalent to ambient levels in Apnl) could have consequences in situ. Hence,
multiple stressor effects must be investigated if we are to accurately assess possible
consequences of elevated UV-B in the marine environment. In contrast, P. wumbilicalis
exhibited tolerance to high levels of Irgarol 1051 and UV-B, in addition to near recovery in F,
! F, after 3 days. The underlying mechanisms for this greater tolerance to both stressors in
this species has yet to be established. However, the generally high tolerance experienced by
species in the intertidal zone to the wide fluctuations in environmental conditions (Beibl 1962)

may well extend to tolerance of toxic compounds.

Reduction in chiorophyll fluorescence is a general response to several stressors such as PAR,
UV-A and UV-B (Cullen ef al. 1992, Cordi et al. 1997) and to other stressors such as
herbicides (Conrad ef al. 1993, Scarlett ef al. 1997 and as described in the previous chapter).
Thus, this parameter is potentially a very powerful tool in assessing possible interactive effects

of stressors which acts on PS 11, as has been demenstrated here.

The reduced growth rates measured in thall of P. palmata from all treatment groups indicate
non-reversible damage following exposure to UV-B and continuous exposure to Irgarol 1051.
A trend of greater decrease in growth rates after exposure to both Irgarol 1051 and UV-B
radiation was found for both species. However, in P. umbilicalis a reduction in growth rate
occurred after UV-B exposure, despite a recovery in optimal quantum vyield after 3 days.
Similar results indicating a lack of correlation between growth and F, / F,, have been reported

for several species of Laminaria and [. infestinalis in both mature thalli and young
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sporophytes (Dring ef al. 1996b, Cordi ef al. 1997). This difference could either mean that the
physiological processes resulting in reduced growth are independent of photosynthesis (Dring,
et al. 1996b), or could be related to a lack of correlation between F, / F, and photosynthesis
during short exposures. Indeed a lack of correlation between F, / F, and the rate of
photosynthetic O, production has been observed in the Arctic Palmaria palmata (Hanelt and
Nultsch 1994). This incomplete correlation underlines the importance of including growth

measurements in the evaluation of long-term effects of UV-B exposure in P. umbilicalis.

An Irgarol 1051 concentration of 5 pg I'' used in this study, has not as yet been recorded in
the environment. A survey investigating the environmental concentrations of Irgarol 1051
along the English Channel coast reported local variations in the concentration by a factor of
>500 (Gough et al. 1994). The highest concentrations were detected in marinas and the
lowest concentrations in open waters and rivers. Concentrations between 0.19 - 0.5 pg I
were measured in estuaries and marinas in Britain (Gough ef al. 1994) and 1.7 pg I'' was
measured in marinas in the Cdte D’Azur (Readman ef al 1993). Considerable seasonal
variations with the highest concentrations in the summertime and lower concentrations in the
autumn were also noted. As the objective of this study was to investigate the interactive
relationship between UV-B and Irgarol 1051 in two macroalgae, an initial decrease in optimal
quantum yield of approximately 25 % following exposure to one stressor alone, was chosen
for both species. Thus, relative high levels of Irgarol 1051 and UV-B (only for P. umbilicalis)
were used to achieve this. However, chronic exposure to levels of Irgarol .1051 as low as
0.063-0.25 pg 1" caused adverse effects in algae communities (Dahl and Blanck 1996).
Furthermore, investigations into the reproductive effects caused by heavy metals and organic
chemicals (Steele and Thursby 1983, Thursby ef al. 1985) and UV-B exposure (Chapter 6),
have shown that reproduction is a very sensitive endpoint. In addition, Scarlett and co-

workers (1997) reported that growth of L. intestinalis zoospores was inhibited at an Irgarol
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1051 concentration as low as 100 ng I"' when applied singly. Thus, increased sensitivity of
earlier life-stages could potentially result in greater detrimental effects on these algal species,

than has been suggested by the results presented here.

Both species and phyia specific differences in algal sensitivity to chemicals have previously
been demonstrated (Blanck ef a/. 1984, Garten 1990, Sirois 1990, Peterson ef al. 1994 and
Kent and Currie 1995, Wingberg and Blanck 1988), although incorporation of these factors
into testing schemes still remains uncommon (Ruzycki ef al. 1998). The interactive effects
between UV-B and the s-triazine herbicide Irgarol 1051 have been established here in P.
palmata and P. umbilicalis. It was shown that simultaneous exposure to both stressors
produced greater effects in P. palmata compared to a single exposure to either UV-B or
Irgarol 1051. This supports the conclusion made by Dubé and Bornman (1992), that if only
one stress condition is investigated, one may be underestimating the impact of several

stressors.

8.6 CONCLUSIONS

From these initial studies, it is apparent that the simultaneous exposure to both Irgarol 1051
and UV-B produced greater reductions in ¥,/ Fy, in the non-target macroalgae P.umbilicalis
and P. palmata compared to single applications of UV-B or Irgarol 1051. Reductions in
optimal quantum yield were associated with detrimental effects in growth rates in P. palmata,
which followed the same pattern of greater reductions when both stressors were applied.
Subsequently, the assessment of multiple environmental effects on algae is necessary in
obtaining a more meaningful and realistic view of current changes in the marine environment.
Moreover, there is a need to investigate the interactive effects of chronic exposures to low

levels of Irgarol 1051 and elevated UV-B both in mature thalli and in the reproductive
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CHAPTER 9

DISCUSSION AND CONCLUSIONS

The amount of additional UV-B radiation resulting from even the severest ozone depletion
levels reported is minor when it is considered against the background of total ambient solar
UV radiation. However, it must be emphasised that the springtime increase in UV-B is a
relative temporal shift, not an increase in maximum UV irradiance (Karentz 1991, Stolarski er
al. 1991). Therefore, the biological consequences of increased UV-B do not rest entirely
upon the ability of algae to cope with UV exposure, but on their ability to cope with elevated
levels of UV-B in early spring. The seasonal gradient of increasing UV-B levels no longer
exists with the occurrence of the ozone hole. Thus, elevated UV-B is encountered during
early spring, immediately after minimum irradiation levels during the winter months.
Consequently, lowered tolerance in algae, due to long-term adaptation to low winter levels,
coincides with abnormally high springtime UV-B irradiances. In addition, UV radiation of
shorter wavelengths, which undergoes the greatest changes during ozone depletion also exerts
the greatest biological effects (Caldwell er al. 1986). Although UV-B has been reported
repeatedly to be biologically harmful to both terrestrial and aquatic life (reviews by Héider et
al. 1995, Franklin and Forster 1997, Hider and Figueroa 1997, Lowe ef al. 1998), the

potential ecological consequences of elevated UV-B are rather more complex to comprehend.

The following sections in this chapter will be related to the overall aims stated in the
Introduction and to which extent these aims were met. The key criteria for selection of
suitable biomarkers listed in Section 9.1 are followed by the main conclusions from the
different chapters related to the four overall aims of this thesis. Section 9.23 discusses the
reproducibility of the results and Section 9.24 highlights some challenges related to laboratory
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versus field experiments. The possible ecological implications of increased UV-B radiation are
mentioned in Section 9.5 and are compared to existing natural stressors and to pollutants in
the coastal marine environment. Finally, in Section 9.6, are mentioned some suggestions for

future work and the broader implications of UV-B exposure.

The overall aims of this thesis, as also mentioned in the Introduction, were to:

1) investigate the suitability of several molecular and physiological parameters as biomarkers
of UV-B exposure and/or effect in marine macroalgae, and to relate these physiological

parameters to consequent biological effects measured as growth rate.

2) estimate the relative sensitivity of the reproductive unicells of E. intestinalis to UV-B

exposure.

3) examine interactive effects of UV-B radiation and the antifouling compound, Irgarol 1051,

using selected biomarkers on both target and non-target macroalgal species.

4) assess differences in susceptibility to UV-B radiation of several macroalgal species from

habitats which differ with regard to solar UV and PAR irradiation levels.

9.1 Key criteria for selection of biomarkers

Peakall (1992) listed in his book some challenges and obstacles which needs to be addressed
in an environmental monitoring programme based on biomarkers with regard to contaminants.
The main points from Peakall (1992), which are also applicable to increases in UV-B radiation
are mentioned below:
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I) The quantitative and qualitative relationship between chemical exposure / UV-B
radiation, biomarker response and adverse effects must be established.

IT) Responses due to chemical / UV-B exposure must be distinguished from natural
sources of variability (ecological and physiological variables, species-specific
differences, and individual variability) if biomarkers are to be useful in evaluating
contamination/radiation.

M) The validity of extrapolating from biomarker responses measured in individual
organisms to some higher-level effect at a population or community level must be

established.

I) This first criterion will be considered in two parts: a) the relationship between chemical
exposure / increases in UV-B and the biomarker response and b) the relationship between

biomarker response and adverse effects.

a) The relationship between the stressor and the biomarker response is determined by the
availability of biomarkers which respond to the stressor and also the degree of specificity. In
the Introduction (Section 1.3) four classes of biomarkers were identified:

* biomarkers of exposure (range from general to specific indicators),

* biomarkers of effect (may not provide information of the nature of stress),

* exposure / effect biomarkers (specific and relates the exposure to an effect),

* latent effect biomarkers.

The sensitivity of the biomarker response is equally important for the consideration of this
first relationship. To be useful, biomarkers should be related in a dose-response dependent

manner to UV-B over an environmentally relevant range. This dose-response model must be
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based on controlled laboratory studies. In field studies, organisms are exposed to multiple
natural and xenobiotic stressors, which can alter the simple dose-response relationship. In the
field, it is therefore more realistic to consider a family of dose-response relationships, based

on the combination of several stressors.

b) The relationship between biomarker response and adverse effects are related to the link
between sublethal responses and lethal responses. For biomarkers to be useful as early
warning signals it is desirable that the responses, indicative of sublethal effects are detectable
sufficiently in advance of non-compensatory, irreversible events. Furthermore, the biomarker
response should be detected at lower doses than are associated with the related mortality
(Depledge 1994). However, responses to very low doses may, on the other hand, also pose
practical problems, as such responses may be too sensitive indicators of potential problems.
The relationship between exposure and adverse effects must be thoroughly investigated for
the biomarker approach to have practical use for recognising or predicting ecologically

significant events.

IT) A very difficult factor to deal with in making ecological predictions based on the
biomarker concept is to account for natural sources of variability (ecological and
physiological variables, species-specific differences, and individual variability). Inherent
differences in morphology and biochemical / physiological status of exposed organisms such
as size, age, genotype, environmental conditioning are all important sources of inter-individual

differences in response, which needs to be investigated (Depledge 1994).

IIT) The degree of extrapolation between biomarker responses and related damage on the
individual, population or community level vary greatly from biomarker to biomarker (Peakall

1992). To link the chosen molecular and physiological parameters to related damage on the
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individual and population level, changes in growth rate and reproduction were also measured

as examples of Darwinian fitness parameters.

9.2 Aim No. 1: Investigation of molecular and physiological responses as

biomarkers of UV-B exposure.

In the following section the suitability of the chosen molecular and physiological parameters
as biomarkers of UV-B exposure will be evaluated and related to consequent biological
effects. The potential problems related to their use will be highlighted and the findings from

the chapters will be placed in the wider contexts of existing work.

9.2.1 Molecular responses to UV-B exposure

The molecular basis for many of the changes observed following UV-B exposure has not yet
been well defined (Caldwell er al. 1995). Responses may result from direct DNA damage,
which is an important chromophore (a compound which absorbs radiation and mediates a
photochemical reaction) of UV radiation (Zolzer and Kiefer 1989). The formation of
photoproducts results in structural changes in DNA molecules which causes incorrect
replication of the genetic code. UV-B radiation can accelerate mutation rates and lead to
heritable DNA lesions (Atienzar ef al. 1998 and references therein). In Chapter 5.1 the
Random Amplification Polymorphic DNA assay was used to detect DNA damage in P.
palmata following exposure to varying UV-B irradiances. This technique was used in
conjunction with several physiological responses, such as chlorophyll fluorescence, in vivo

thallus absorptance and growth.
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Changes in RAPD patterns were observed as a response to UV-B exposure. Variations in
band intensities and the pattern of appearing and disappearing bands could be related to
increasing UV-B exposure. Thus, these results suggested that the RAPD technique has
potential as a tool for assessing UV-induced toxicity in marine algal populations. This
technique appears to be sensitive to relatively low UV-B doses. However, as the formation of
photoproducts is a general genotoxic response which can not easily be related to individual or
population damage, this parameter may show potential as a general, non-specific biomarker of
UV exposure rather than effect. The results further illustrated that utilising several biological
responses, from different levels of biological organisation, offer greater possibilities for
detecting UV-B induced effects, than do single responses. The biomarker approach proved
especially useful when these molecular and physiological responses were linked to changes in
Darwinian fitness, measured as decreases in growth rate. To further evaluate the suitability of
the RAPD technique as a biomarker of UV exposure, it is necessary to establish the range of

inherent natural variability in this response in healthy macroalgal plants.

Induction of HSP 70, on the other hand, which was also investigated as a possible molecular
parameter of UV exposure did not show such promising results. A lack of induction of HSP
70 was found in both Palmaria palmata and Enteromorpha intestinalis after a three hour
exposure to relatively high UV-B irradiances. Thus, although this method was both reliable
and reproducible it was concluded that this parameter was unsuitable as an indicator of UV-B

exposure in these two macroalgae.

9.2.2 Physiological responses to UV-B exposure

Chlorophyll fluorescence
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Predictive dose-dependent relationships between F, / F,, and UV-B exposure were measured in
both P. palmata and E. intestinalis in Chapter 3. These findings indicated that decreases in F, /
F.. and their recovery may show potential as sensitive biomarkers of UV exposure. Several
workers have found similar correlations between optimal quantum yield and UV-B exposure
(Bjom et al. 1986, Renger ef al. 1986). Larkum and Wood (1993) concluded that F, may be used
as an indicator of UV-B inhibition. Moreover, Bjorkman (1987) and Demming and Bjérkman
(1987) reported that a decrease in F,/ F,, was linearly related to a decrease in the optimal quantum
yield of photosynthesis. In this study, decreased F, / F,, with no recovery, and reduced growth
rates clearly showed irreversible damage to PSII in P. palmata. As chlorophyll fluorescence is
known to respond to a wide variety of stressors, both natural (Henley ef a/. 1991, Herrmann
et al. 1995) and xenobiotic (Conrad ef al. 1993, Sgardelis ef al. 1994), its potential as a

biomarker of exposure is general and non-specific.

Photoinhibition which is a reversible process that only inactivates PS II for limited time periods, is
also associated with decreases in optimal quantum yield (Franklin and Forster 1997).
Photoinhibition can therefore be regarded as a compensatory response, a protective mechanism
belonging to the compensatory zone (please see Section 1.3 for further details). Photoinhibition of
photosynthesis by PAR is now an area of active research (Franklin and Forster 1997). As high
PAR and UV are closely linked in nature, it is important to be able to distinguish between the
two effects and be able to determine whether the response to PAR stress affects the response
to elevated UV-B, as has been observed in some higher plant studies (Franklin and Forster
1997). Existing information based on macroalgal studies is contradictory and incomplete
(Franklin and Forster 1997). Thus, much more research is needed to establish the degree of
extrapolation between changes in chlorophyll fluorescence and related damage on the individual

level.
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Recent research has reported that chlorophyll fluorescence also undergoes diurnal variations in
some macroalgal species (Henley.et al. 1991). Thus, is therefore important to establish the
range of variability in optimal quantum yield in healthy plants. The establishment of such
“normal” reference values must be an integral part of the biomarker approach (Depledge

1994).

Pigment changes

In vivo pigment absorptance was investigated for its suitability as a non-destructive, general
biomarker of exposure in Chapter 3. It has the potential to reveal in vivo changes in the
absorptance spectra of pigments following UV exposure, to characterise sites of damage to
pigments and to establish the time course of damage and repair (Smith and Alberte 1994). In
vivo absorptance of chlorophyll a, phycoerythrin and/or carotenoids, as well as
phycoerythrobilin and phycocyanin decreased in a dose-response dependent manner to UV
exposure and was associated with a decrease in growth rate in P. palmata. It was found that
in vivo spectrophotometric analyses provide reliable, non-invasive means to characterise
subtle responses of macroalgae to UV-B exposure. However, changes in the in vivo
absorptance spectra may not be directly related to pigment concentration changes. Changes in
the in vivo spectra may also arise from changes in the package effect, caused for example by
chloroplast movements, thylakoid organisation and changes in mean cell size etc. (Forster

pers. comm). Thus, care must to be taken with the interpretation of the in vivo spectra.

With high performance liquid chromatography (HPLC), on the other hand, it is possible to
positively identify and quantify chlorophyll and carotenoid pigments. HPLC measurements
obtained in several experiments (Chapter 4) supported the inm vivo spectral data. Other

workers have reported similar changes in pigment concentrations in marine diatoms and
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cyanobacteria after UV exposure (Dohler 1987, Ziindorf and Héder 1991). Thus, these results
indicated that changes in in vivo thallus absorptance and HPLC analyses could provide early
quantitative warning of the detrimental effects of UV-B in marine macroalgae. However,
research into the natural sources of variability and the link between these responses and
adverse effects is needed for these parameters to have practical use as general biomarkers of

exposure.

Pigment synthesis in macroalgae is dependent on light quality (Dring 1981, Ramus 1983) and
light quantity (Riidiger and Lopez-Figueroa 1992, Algarra ef al. 1991, Talarico 1996). It has
been established that the photosynthetic pigments respond to variations of irradiance,
photoperiod and spectral vanations (Riidiger and Lopez-Figueroa 1992). Recently, it was
demonstrated that phycobili-protein content in red algae and the ratio between phycourobilin /
phycoerythrobilin are involved in the physiological acclimation to changes in the light field,
and thus may also protect against UV radiation (Yu et al. 1981). In experiments described in
Chapter 3, the decrease in in vivo chlorophyll absorptance was slower than that of the
phycobili-proteins and caroteniods, thus indicating a protective role of the accessory
pigments. Chloroplast movements may also be induced by excess light and, consequently can

reduce photo-destruction of photosynthetic pigments (Hanelt and Nultsch 1991).

A physiological acclimation mechanism protecting against damaging UV irradiance, occur via
zeaxanthin, a xanthophyll formed under excess light. The photoprotective role of the
xanthophyll cycle has been investigated in Ulva spp. (Franklin 1994) and in some brown algae
(Uhrmacher et al. 1995, Franklin ef al. 1996), but has not as yet been reported in red
algae. This response may show potential as a biomarker as a linear correlation between
zeaxanthin content and the degree of photoinhibition was reported in the brown alga Dictyota

dichotoma (Uhrmacher ef al. 1995).
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Finally, UV absorbing properties of both carotenoids and Mycosporine-like amino acids may
also show potential as biomarkers of UV exposure. MAAs, in particular which absorb
between 310 nm and 360 nm, may prove useful as specific biomarkers of UV exposure.
MAA'’s have been reported in green, red and brown algae from tropical, temperate and polar
regtons (Karentz 1994) and the concentration of these compounds has been correlated with
depth zonation and UV exposure. Further work is necessary to determine both the
wavelength- and dose dependence of induction (Franklin and Forster 1997) and the natural

variability of these compounds.

Membrane damage

Cellular disruption causing membrane damage is partly the mode of action of several aquatic
herbicides, ozone, heavy metals and possibly UV. In fact, previous research has shown that
the integrity of membranes may also be affected by UV-B irradiance due to decreases in lipid
content and impairment of membrane transport systems (Murphy 1983). Determining the
leakage of ions in plant or algal cells is a common method of assessing the extent of cell
damage resulting from both natural and anthropogenic stressors (Koch et al. 1995).
Measurements of 1on leakage, in Chapter 3, confirmed that exposure to UV-B radiation can
induce membrane damage in P. palmata and E. intestinalis. However, as the extent of
damage could not be related in a predictive dose-dependent manner to increasing UV-B

irradiance this parameter was judged unsuitable as a biomarker of UV exposure.

Changes in growth rate
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Delays or reductions in growth rate are sensitive measures of adverse effects of UV-B
irradiation (Chapter 3,7 and 8). Grobe and Murphy (1994) found an inverse linear relationship
between the growth rate of Ulva expansa and the duration of UV-B exposure. Furthermore,
enhanced growth rates were measured in Ecklonia sporophytes in the absence of solar UV
radiation (Wood 1987). Apart from these reductions in growth rate subtle changes in
allocation of growth to different tissues have been reported for terrestrial plants (Teramura
1983) and may also be possible for algae although there is no reported evidence as yet. Such
morphological changes could result in alterations in competition for light and nutrients, and
ultimately lead to changes in algal zonation patterns. Reductions in growth rate has the
potential of linking biomarkers of exposure to possible effects on the individual and
population level. A correlation between the molecular / physiological parameters and changes
in growth rate must be established for this to be true. In Chapter 8, however, a recovery in
optimal quantum yield was found in P. umbilicalis 3 days after UV-B exposure despite a
measured reduction in growth rate. Similar results indicating a lack of correlation between
growth and F, / F,, have been reported for several species of Laminaria and E. intestinalis in
both mature thalli and young sporophytes (Dring ef al. 1996b, Cordi et al. 1997, Chapter 3).
This difference could either mean that physiological processes resulting in reduced growth are
independent of photosynthesis (Dring ef al. 1996b), or could be related to a lack of
correlation between F, / F, and photosynthesis during short exposures. Indeed a lack of
correlation between F, / F,, and the rate of photosynthetic O; production has been observed in
Palmaria palmata (Arctic) (Hanelt and Nultsch 1994). This incomplete correlation underlines

the importance of including “endpoint effects” such as impairment of growth when assessing

effects of UV exposure.
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9.2.3 Reproducibility of results throughout the thesis

Dose-response experiments for both P. palmata and E. intestinalis which were investigated in
several chapters showed some lack of consistency. For example, thalli of P. palmata used in
dose-response experiments conducted in February and June (Chapter 3), were less sensitive
than similar dose-response experiments conducted in May and June (outlined in Chapter 8).
On average, thalli exposed to UV-B in Chapter 8 exhibited a 20 % greater reduction in
optimal quantum yield compared to thalli exposed in Chapter 3. One of the possible reasons
for this variation in sensitivity to UV-B may be related to the collection of thalli. In chapter 3
tips of well-grown, mature thalli were used for the exposures, whereas in Chapter 8 it is
possible that younger tips were used. Such differences in sensitivity related to the age and
maturity of thalli need to be investigated in greater detail. Similarly, comparisons of dose-
response experiments for E. infestinalis performed in Chapter 3 and 7 also showed variations

of up to 34 % between experiments.

Another reason for the lack of consistency between experiments may be related to time of
collection. Seasonal variability in susceptibility to UV-B radiation has been demonstrated by
several workers (Hiader and Figueroa 1997 and references therein). When conducting UV
expenments it is therefore very important to consider that algae collected in the winter
months will have a lowered tolerance to UV-B compared to algae collected in spring or
summer months. Finally, microhabitat differences may also play an important role in
determining the relative sensitivity of algae to UV exposure. The relationships between time
and place of sample collection and variations in sensitivity to UV need to be investigated in

greater detail
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9.2.4 Laboratory verses field-based experiments

While UV-B induced effects throughout this thesis were investigated in laboratory based
experiments under controlled conditions with low PAR and UV-A irradiances, different
spectral regions of light, such as UV-A and blue light appear to play important
photoprotective roles in both plants and algae (Caldwell e/ al. 1989, Caldwell ez a/. 1995). It
has been reported that terrestrial plants exposed to solar UV in field studies exhibited reduced
sensitivity compared to plants exposed to artificial UV radiation in laboratory experiments
(Warner and Caldwell 1983, Mirecki and Teramura 1984). Several workers have also found
that the greatest effects of UV on photosynthetic pigments and other responses occurred
when terrestrial plants were grown under low PAR irradiance (Mirecki and Teramura 1984,
Cen and Bornman 1990). It appears that algae in general differ somewhat from higher plant
species in that negative UV-B effects on photosynthesis have been observed under conditions
where natural ratios of UVR to PAR are maintained (Post and Larkum 1993). The underlying
reasons for this and why the combination of UVR and PAR appear to be more stressful than
either one alone are not clear. Reports such as those described above raise a fundamental
question for experimental design: how well do laboratory-based experiments, with relatively
low PAR and UV-A irradiance, model UV-induced effects on algal photosynthesis, growth

and survival in the field?

As described in Section 9.1 the first step in establishing dose-response models must be based
on controlled laboratory studies. Once these have been established, field studies, with natural
ratios of PAR, UV-A and UV-B (and possibly other natural and xenobtotic stressors) would

seem a natural progressive step.
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9.3 Aim No. 2: Evaluation of the relative sensitivity of the reproductive

unicells of E. intestinalis to UV-B exposure.

Many macroalgae produce free-swimming reproductive cells which disperse away from the
parent population to colonise new sites. These unicells lack the UV protective secondary cell
wall (Lobban and Harrison 1994) and possess low-light adaptive strategies (Beach e al.
1995), which consequently may make them more susceptible to elevated UV-B. Indeed, iﬁ
Chapter 6 it was established that the reproductive unicells of £. intestinalis suffered greater
reductions in both variable fluorescence and growth rates than did mature thalli exposed to
the same conditions. Inhibitions of germination success and decreased growth rates were
recorded in unicells exposed for 1 hour to elevated UV-B irradiance (1.8 W m™ unweighted
UV-B irradiance, equivalent to 27 % ozone depletion, Caldwell 1971). Moreover, a greater
sensitivity to UV-B exposure was measured in the sexual reproductive part of the life cycle,
compared to the asexual part. The only other report which has quantitatively investigated
reproductive effects in macroalgae, found supporting evidence of decreased sensitivity to UV
radiation with increasing age (Dring ef al. 1996b). Thus, it was concluded in Chapter 6 that
the ecological significance of increases in UV-B radiation may be seriously under-estimated if

effects on early lifestages of algae are not considered.

9.4 Aim No. 3: Examination of interactive effects of UV-B radiation and the
antifouling compound, Irgarol 1051, using selected biomarkers on both

target and non-target macroalgal species.

A major consideration (which generally goes unmentioned in photobiology) is that the coastal

marine environment is one of the major recipients of anthropogenic pollution. In addition to
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trace metals and metalloids, the input of pesticides, antifouling agents and PAHs released
from industry and agriculture is increasing (Zhou et al. 1996). Furthermore, alterations in
salinity, nutrient availability, desiccation, temperature as well as changes in PAR and UV, are
examples of natural stress factors which intertidal algae may be subjected to due to the tidal
changes (Lobban and Harrison 1994) (fig. 9.1). Thus, elevated UV-B must be considered as
an additional stress factor and combination effects between these stressors must be
investigated. The results in Chapter 7 and 8 showed that simultaneous exposure to UV-B
radiation and Irgarol 1051 resulted in further decreases in optimal quantum yield compared to
a single treatment of Irgarol 1051, indicating an additive effect, in both the antifouling alga £.
intestinalis and the two non-target species P. palmata and P. umbilicalis. Decreases in
chlorophyll fluorescence were accompanied by greater reductions in growth rate in all three
species following exposure to both stressors. The findings in these two chapters provide
useful preliminary insights into the interactive effects of UV-B radiation and Irgarol 1051.
They also strengthen the concern that the ecological implications of increased UV-B radiation
may be seriously under-estimated, if combined effects between UV-B and other stressors are

not considered.
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9.5 Ecological implications of elevated UV-B radiation

This section which deals with the ecological implications of UV-B has been divided into to
three sub-sections. The first relates to the fourth aim of this thesis and the main findings are
placed in the wider contexts of existing work. The second section deals with how natural
stressors in the coastal environment may influence the ecological implications of UV-B

radiation and finally possible long-term effects of elevated UV-B will be discussed.

9.5.1 Aim No 4: Assessment of species-specific differences in susceptibility

to UV-B radiation

The ability to cope with enhanced UV radiation varies widely among different algal species, as
observed in Chapter 3 and 4, and confirmed by several workers (Hanelt 1992, Larkum and
Wood 1993, Dring et al. 1996b, Hader et al. 1996a, Bischof ef al. 1998). This has been
related to their vertical distribution along the shore or in the water column (Franklin and
Forster 1997, Bischof ef al. 1998). Intertidal algae generally exhibit a high degree of UV-B
tolerance as they are fully exposed to natural sunlight during low tide (Larkum and Wood
1993, Franklin and Forster 1997, Cordi et al. 1997, 1998a). Sagert and co-workers (1997),
for instance, recorded greater depression of fluorescence yield and slower recovery in thalli of
Chondrus crispus with increasing vertical depth on the shore. Larkum and Wood (1993)
measured the sensitivity to artificial UV radiation of several species of phytoplankton,
macroalgae and seagrasses. These workers found that the intertidal E. intestinalis and
Porphyra sp. showed minimal reductions in chlorophyll fluorescence, compared to the

subtidal algae Eckionia radiata and Kallymenia cribosa.
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Increased tolerance to UV-B radiation in intertidal species can be inferred from smaller initial
reductions in photosynthetic efficiency, faster recovery, and in some cases little or no
reduction in P, (Franklin and Forster 1997). Thus, intertidal algae may be expected to
exhibit a high potential for physiological acclimation and genetic adaptation to increases in
incident UV-B radiation. UV-B attenuation in coastal waters, on the other hand, with their
higher concentrations of suspended particulate matter, ensures that UV-B can not penetrate
much below 6 m (Smith and Baker 1979). Hence, deep subtidal algal species are likely to be
protected against enhanced UV-B radiation. In contrast, the shallow subtidal species, which
become partially exposed to UV during low tide, are likely to be the most vulnerable to shifts
in UV-B radiation. Consequently, they are also most liable to suffer detrimental effects. Such
subtidal seaweed species depend on the effectiveness of their compensatory mechanisms to
offset UV-B induced damage (Examples are listed in Fig. 9.2. This figure is also discussed in
greater detail below). Future studies will show whether enhanced UV-B radiation will, over
time, lead to shifts in vertical zonatton patterns and whether species composition will change

in this particularly sensitive group.

9.5.2 UV-B radiation and other factors which effects community structure

in the coastal marine environment

Numerous factors are influencing and shaping the community structure in the coastal marine
environment. Changes in visible light and UV, desiccation, temperature and salinity due to the
continuous tidal changes, as well as predation and nutrient availability are all important
factors. The current knowledge regarding macroalgal tolerance to natural stressors has been
thoroughly reviewed by Lobban and Harrison (1994), Davidson and Pearson (1996) and
Franklin and Forster (1997). Although research into the interactive effects of these natural

stressors is well established (Lobban and Harrison 1994 and references therein) almost
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nothing is known about the interactions between these stressors and UV radiation (Behrenfeld
et al. 1993). In the following paragraphs interactions between UV-B radiation and some of
the above mentioned factors, as well as possible implications for the community structure will

be dealt with in more detail.

PAR, UV-A and UV-B

Recently the importance of investigating effects of PAR and UV-A in combination with UV-B
has been realised, since it was demonstrated by several workers that both antagonistic or
synergistic effects can occur (Rundel 1983, Caldwell er al. 1986, Forster and Liining 1996,
Franklin and Forster 1997). Light availability is an important factor which affects the canopy
structure of macroalgae. It has been reported that shading by overlying thalli, which are
themselves light adapted or have high levels of UV absorbing pigments, may protect
underlying, more sensitive species or thallus regions (Franklin and Forster 1997). It is possible
that elevated UV-B may bleach the upper levels of the canopy sufficiently to result in
increased light levels reaching the more sensitive, shade adapted leaves underneath. This may
ultimately also affect invertebrates and fish which live underneath or among the canopy. Given
the potential for interactions of PAR, UV and other intertidal stressors, transplantation and
acclimation studies in the field are still required to clarify the role of high natural irradiance in

determining changes in community structure.

Desiccation and temperature

Desiccation and temperature are two natural stressors which may also affect the degree of
tolerance to elevated UV-B radiation. It has been reported that lengthy periods of desiccation

can reduce photosynthetic rates in emerged macroalgae (Dring and Brown 1981). Desiccation
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may provide a degree of protection which is not available to algae experiencing the same level
of irradiance in the hydrated state (Franklin and Forster 1997). Preliminary results in algae
suggest that desiccation, temperature and other natural stressors trigger protective
mechanisms which may also be involved in protection against UV damage. Desiccation and
temperature stress can cause intracellular active oxygen species which in turn can trigger
enzymatic or biochemical defence systems. In microalgae, enzymes such as superoxide
dismutase which are associated with radical scavenging may also have UV protective
properties (Lesser 1996). Intertidal algal species may therefore have an advantage over
subtidal algae in combating increased UV-B radiation in situ. Further biochemical research is

needed to elucidate mechanisms of UV protection through desiccation and temperature.

Predation

Predation pressure is an equally important factor determining community structure in the
coastal marine environment. Research in higher plants has found that UV protecting
compounds such as flavonoids may also act as anti-predatory compounds. Moreover, it has
been reported repeatedly that concentrations of flavonoids and related phenolic compounds
increased when terrestrial plants were exposed to UV-B (Caldwell ef al. 1995). Apart from
UV-B protection afforded by increases in these compounds, there are many other ecological
implications associated with changes in these and related compounds. Caldwell and co-
workers (1995) mention that flavonoids are important herbivore and pathogen “repellents”.
Although, not yet investigated it is possible that changes in MAA’s and other UV protective

compounds in algae could have similar effects on the susceptibility to predators.

Herbivory in many systems is determined by the nutritional value of host tissue, in terms of

water, carbohydrate or nitrogen contents (Paul ef al. 1997). Thus, changes in the C:N ratio or
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the palatability of the macroalgae may be compensated for altered consumption rates. Such

interactions between predation pressure and UV-B radiation could ultimately affect higher

trophic levels.

9.6 Future work and broader implications

This study has attempted to develop molecular and physiological techniques for use as early
warning signals to UV exposure in macroalgae. Of equal importance, has been the
investigation of the sensitivity of macroalgae exposed to UV-B, both in conjunction with an

antifouling agent and on its own.

There is a need for further investigations into UV-B-induced effects in macroalgae. In
addition to establishing biological weighing functions for macroalgae, which has already been
mentioned by several workers (Franklin and Forster 1997), future research activities should

include:

® further research into the potential biomarkers investigated in this thesis and the

establishment of other, possibly UV specific, biomarkers of exposure and/or effects.

* investigations into the susceptibility of early life stages, in particular the reproductive

unicells of several macroalgal species to UV-B exposure.

* considerations of coastal water contamination with other herbicides which are similar to

Irgarol 1051 in structure and mode of action.

* assessments of the interactive relationships between other xenobiotic compounds and UV-B

radiation in several macroalgal species.
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It is hoped that the results obtained and conclusions drawn may enable a more informed
assessment of both the particular effects of elevated UV-B in macroalgae and its wider

implications for the coastal marine environment.

There is certainly an urgent need to improve our understanding of possible long-term effects
of elevated UV-B on aquatic ecosystems (Hader es al. 1995). Thus, while this thesis has
reported studies focused on the physiological and biochemical responses of macroalgae to
UV-B, it is appropriate to end with some assessment of the broader ecological implications of
such responses, even though such extrapolation remains speculative given current

understanding.

Although there is overwhelming evidence that increased UV-B is harmful to aquatic
ecosystems, quantitative estimates of the wider implications are incomplete at this stage
(Héder ef al. 1995). An overview of UV-induced responses at different levels of biological
organisation (explained in detail in the previous sections) and their potential long-term

implications, as described in detail below, are outlined in Figure 9.2.

Tolerance to xenobiotic compounds or enhanced UV-B levels may be a result of both
molecular and physiological acclimation, and genetic adaptation (Weis and Weis 1989).
Genetic adaptation, contrary to molecular and physiological acclimation, will result in UV
induced resistance which is transferred to the next generation. Molecular and physiological
acclimation mechanisms in algae (such as DNA repair or induction of protective pigments
etc.), in conjunction with genetic adaptation will, therefore, play a critical role in counter-
balancing UV-B induced detrimental effects. Examples of UV-induced acclimation and

genetic adaptation are listed below.
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Elevated UV-B may exert selective pressure on algal populations resulting in UV resistant
individuals (fig. 9.2). These individuals will subsequently produce more UV-resistant progeny.
However, a consequence of such selection pressures may also be genetic composition changes
in algal populations (Depledge 1994). Such UV induced changes in genetic composition can
in turn lead to lowered tolerance to other natural and/or xenobiotic stressors. For example,
Baird et al. (1990) who investigated the responses of different genotypes of Daphnia magna
to cadmium and 3,4 dichloroaniline (DCA), illustrated that a genotype exhibiting resistance to
cadmium was ill adapted to tolerate 3,4 dichloroaniline exposure. Thus, the genetic diversity
within a population may be eroded as exposure to several stressors occurs. Such genetic
diversity reductions may be associated with reduced population fitness, species composition
changes and loss in biomass productivity (illustrated by the lower right hand arrow in fig.

9.2).

Compensatory responses such as DNA repair and physiological acclimation may sufficiently
outweigh UV induced molecular and physiological damage. However, if these acclimation
mechanisms are insufficient, far reaching detnimental effects may also ensue (please see fig.
9.2, lower left hand arrows). For example, a major loss in primary biomass productivity may
have significant consequences for the intricate food web in aquatic ecosystems and affect food
productivity. Whilst the effects of a 5 % loss in microalgae due to elevated UV-B, have been
estimated in terms of subsequent biomass production on fish stocks (Smith and Baker 1989,
Weiler and Penhale 1994, Hider er al. 1995), no such calculation is available for near-shore
primary productivity of macroalgae. The implications of changes in species diversity within
algal communities may be far reaching. If the species composition of the primary producers is
altered, the quality and quantity of food for secondary consumers may change, with unknown

consequences for ecosystem function (Karentz 1991). The impact on the food web would be
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a significant challenge for future research.
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APPENDIX

PUBLICATIONS AND ABSTRACTS FROM CONFERENCES

Two papers are included in the appendix:

Evaluation of chlorophyll flucrescence, in vivo spectrophotometric pigment absorption and
ion leakage as biomarkers of UV-B exposure in marine macroalgae. Mar. Biol. (1997) 130,

41-49.
Algal gloom. Ultraviolet radiation could interfere with the base of the marine food chain. An
account of the results presented at the Final Year Wellcome Trust Students Meeting by F.

Pearce in the New Scientist, 8 August (2146), p. 24 (1998).

Finally, abstracts from conferences are included.
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ABSTRACTS FROM CONFERENCES

The effects of UV-B radiation of in vivo thallus absorptance and chlorophyll fluorescence in
intertidal marine macroalgae - a field survey and experiment. B. Cordi, P. Hyde, M. E.

Donkin, D. N. Price and M. H. Depledge. Copenhagen, Denmark 1997.

Effects of UV-B radiation on the reproductive unicells of the marine macroalga species
Enteromorpha intestinalis. B. Cordi, J. Peloquin, M. E. Donkin, D. Price and M. H.

Depledge. Bordeaux, France 1998.

Damaging effects of UV-B radiation on macroalgae: implications for marine conservation. B.

Cordi, M. E. Donkin, D. N. Price and M. H. Depledge. Sydney, Australia 1998

Development of a genotoxicity assay in aquatic organisms using arbitrarily-primed polymerase
chain reaction. F. Atienzar, B. Cordi, A. Evenden, A. Jha, and M. Depledge. Toulouse,

France 1997.

DNA fingerprints obtained by AP-PCR to detect DNA damage. F. Atienzar, M. Conradi, B.

Cordi, A. Evenden, A. Jha, and M. Depledge. York, UK 1998.

Application of the arbitrarily-primed pelymerase chain reaction (AP-PCR) method to detect
DNA damage. F. Atienzar, M. Conradi, B. Cordi, A. Evenden, A. Jha, and M. Depledge.

Bordeaux, France 1998.
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The effects of UV-B radiation of in vivo thallus absorptance and chlorophyll
fluorescence in intertidal marine macroalgae - a field survey and

experiment.

B. Cordi ', P. Hyde'?, M. E. Donkin', D. N. Price’ & M. H. Depledge'

' Plymouth Environmental Research Centre, University of Plymouth, Drake

Circus, Plymouth, PL4 8AA, England.
% Department of Biological Sciences, University of Dundee, Dundee, Scotland.

3 Department of Biological Sciences, University of Plymouth, Drake
Circus, Plymouth, PL4 8AA, England.

A field survey and an outdoor experiment were conducted to assess the use of chlorophyll
fluorescence and in vivo absorptance spectra as biomarkers of short-term experimental and
long-term solar UV radiation exposure in macroalgae. The intertidal macroalga Porphyra
umbilicalis and the sublittoral macroalga Palmaria palmata (Rhodophyta) were collected
along a transect on the beach and in the water column respectively. Significant decreases in
the absorptance spectra at 497 and 569 nm (consistent with the presence of R-phycoerythrin
and/or carotenoids and phycoerythrobilin respectively) occurred in P. palmata after exposure
to elevated UV-B (2.7 W m?). Furthermore, depth dependent decreases in thallus
absorptance at specific wavelengths were found after all exposures, indicating that in vivo
thallus absorptance may be a useful general indicator of UV exposure in conjunction with
other biomarkers. Similarly, a dose-related and site dependent decrease in F,/F, was detected
in P. paimata. A 60 % decrease in thallus absorptance and lack of recovery in chlorophyll
fluorescence F, / F, ratio indicated irreversible damage to accessory pigments, chlorophyll a
and photosystem II (PSII) after exposure to elevated UV-B. Moreover, a depth-dependent
increase in thallus absorptance between 290 and 325 nm was observed in P. palmata in
response to short-term experimental elevated UV-B exposure and between 290 and 380 nm in
response to long-term solar UV-B. In contrast, the intertidal alga P. umbilicalis exhibited a

greater degree of tolerance of UV-B exposure.
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Effects of UV-B radiation on the reproductive unicells of the marine

macroalgal species Enteromorpha intestinalis.
B. Cordi', J. Peloquin', M. E. Donkin', D. Price’ and M. H. Depledge’,

'Plymouth Environmental Research Centre, Department of Biological Sciences, University of

Plymouth, Plymouth, England.

? Department of Biological Sciences, University of Plymouth, Drake
Circus, Plymouth, PL4 8AA, England.

In March, 1996, it was reported that the Arctic ozone hole was the “deepest ever seen in the
Northern Hemisphere” with a maximum decrease of 33 %. This underlines the importance of
evaluating potentially damaging effects of UV-B radiation on biota. Although impacts on
primary producers are likely to have profound ecological consequences in the marine
environment almost nothing s known about UV effects on early life-stages of algae. In
laboratory experiments we investigated the relative sensitivity of the reproductive unicells of
the macroalga species Enteromorpha intestinalis to different UV-B irradiances. Statistically
significant decreases in photosynthesis (ca. 20% reductions measured as variable chlorophyll
fluorescence (Fv)) occurred in 24 h old gametes after 10 minutes exposure to 0.8 W m? UV-
B irradiation (equivalent to the calculated irradiation level in April in South England (50° N
latitude)). Statistically significant decreases in photosynthesis in 24 h old zoospores occurred
after 10 min exposure to 2.5 and 3.0 W m? UV-B radiation. After 60 minutes exposure to
these irradiances, photosynthesis fell to ca. 66% of the pre-exposure level in gametes and
42% in zoospores. These decreases in photosynthesis resulted in impaired growth rates of up
to 17 %. Moreover, after 30 min exposure to 0.8 W m™ UV-B irradiation photosynthesis in
zoospores had decreased by 6.3 times compared to mature plants (29.5 % compared to 4.7
%). The results indicate that the ecological significance of elevated UV-B exposure in the
marine environment may be seriously under-estimated if effects on the earlier lifestages of

algae are not considered.
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DAMAGING EFFECTS OF UV-B RADIATION ON MACROALGAE:
IMPLICATIONS FOR MARINE CONSERVATION.

Cordi, B., Donkin, M. E. and Depledge, M. H.

Plymouth Environmental Research Centre, Department of Biological Sciences, University of

Plymouth, Plymouth, England (Bcordi@plymouth.ac.uk).

Conservation management often focuses on addressing local or regional problems. However,
ozone depletion and resulting increases in UV-B exposure are perhaps the greatest long-term
threats to ecosystems world-wide. In March, 1996, the Arctic ozone hole was the “deepest
ever seen in the Northern Hemisphere”. Ecological consequences of the associated increase in
UV-B exposure are unknown. In the present study the relative sensitivities of mature thall
(Palmaria palmata, Porphyra umbilicalis, Enteromorpha intestinalis) and reproductive
unicells (£. intestinalis) of macroalgae exposed to different UV-B irradiances have been
determined by measuring changes in photosynthesis, pigmentation and growth. Mature thalli
exhibited habitat dependent sensitivity. Sublittoral P. palmata was twice as sensitive as the
two intertidal species. Decreased photosynthesis (ca. 20 %) occurred in 24 h old gametes
after 10 minutes exposure to 1.8 and 2.2 Wm™ UV-B irradiance (equivalent to 15 % and 30
% ozone depletion in South England, P<0.05). After 60 minutes at 2.2 W m™ photosynthesis
fell to ca. 66% of the pre-exposure level in gametes and 42% in zoospores. These decreases
were associated with a 17% reduction in growth rate. The evidence presented indicates that
marine primary production may be vulnerable to elevated UV-B exposure. Consequences for
biodiversity and ecosystem processes must be considered in future marine conservation

management strategies.
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DEVELOPMENT OF A GENOTOXICITY ASSAY IN AQUATIC ORGANISMS
USING ARBITRARILY-PRIMED POLYMERASE CHAIN REACTION

Franck Atienzar*, Britt Cordi, Andi Evenden, Awadhesh Jha and Michael Depledge.
University of Plymouth, Plymouth Environmental Research Centre (Biological Sciences),

Plymouth, Devon, PL4 8AA, UK.

DNA fingerprinting by arbitrarily-primed polymerase chain reaction (AP-PCR) has been used
to differentiate between species, strains and individuals. In this study, we have applied this
methodology to asses whether DNA. fingerprints could provide a new biomarker assay for

genotoxic effects of environmental agents.

There is a growing concern over increasing levels of ultraviolet (UV) radiation and its
posstble short and long term consequences to aquatic organisms. In a preliminary experiment,
Enteromorpha intestinalis, a marine macroalgae, was exposed to UV-B under in vivo
conditions. After DNA extraction, AP-PCR reactions were performed; the 7ag DNA
polymerase amplified the DNA regions from 150 up to 500 base pairs with low efficiency
compared to the controls where it amplified bands from 150 up to 1800 base pairs with high
efficiency. In an other experiment, under in vitro conditions, DNA from Daphnia magna
(water fleas) was exposed for different periods to UV-C. A dose-dependent decrease for the

appearance of bands was observed.

The studies suggested that following UV exposure, DNA amplification could not take place
due to presence of thymine dimers, which posed a physical barrier for the movement of the
enzyme. It therefore appears that the AP-PCR method could be used as a biomarker to detect
the presence of genotoxins in the environment. Studies are underway to examine the
usefulness of this method in Daphnia magna exposed to different genotoxic agents under in

vivo conditions.

217



DNA fingerprints obtained by AP-PCR to detect DNA damage.

F._ Atienzar, M. Conradi, B. Cordi, A. Evenden, A. Jha and M. Depledge, Plymouth
Environmental Research Centre, University of Plymouth, Drake Circus, Plymouth, Devon,

PL4 8AA, England.

Although DNA fingerprints obtained by the arbitrarily primed polymerase chain reaction (AP-
PCR) technique were used originally to identify or distinguish between individuals, strains and
species, we have applied this method to detect DNA damage. The AP-PCR method does
detect mutations and we believe that this technique could also reveal the presence of DNA

adducts, DNA breakage and possibly other DNA alterations.

The marine macroalga, Palmaria palmata, was exposed in vivo to 5 different doses of
ultraviolet (UV) radiation (1.3 W / m® UV-A, 0.9, 1.6, 5.6, and 8.0 W / m> UV-B) for 3
hours. DNA fingerprints were affected with respect to controls. The principal changes were
variation in intensity of bands as well as the presence of extra bands. The major event
occurring for the 3 first UV doses (1.3 W/ m?> UV-A, 0.9, and 1.6 W / m* UV-B) was an
increase of intensity of the bands compared to control with a frequency of 78, 53 and 41 %
respectively. For the highest UV-B irradiances (5.6 and 8 W / m® ), the major modification
was a decrease in band intensity compared to control with a frequency of 62.5 and 81 %
respectively. The occurrence of extra bands seen in the 3 lowest irradiances of UV, was
absent in the higher UV irradiances. However, decrease in band intensity was only observed in
the 3 highest UV irradiances. In an other in vivo study, Daphnia Magna were exposed to
benzo(a)pyrene (0.0125-0.2 ppm) for 14 days. DNA fingerprints obtained from exposed
organisms also changed when compared to controls. It is believed that, in both studies, the
modifications in the patterns are due to the generation of mutations (appearance of band), and
to the interaction of 7ag DNA polymerase with benzo(a)pyrene and UV-induced DNA
damage (variation in intensities). In conclusion, the AP-PCR method appears to be a powerful

and novel tool for the detection of a wide range of DNA damage at molecular level.
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Application of the arbitrarily-primed polymerase chain reaction

(AP-PCR) method to detect DNA damage.

F._Atienzar, M. Conradi, B. Cordi, A. Evenden, A. Jha and M. Depledge, Plymouth
Environmental Research Centre, University of Plymouth, Drake Circus, Plymouth, Devon,

PL4 8AA, England.

DNA fingerprints obtained by the arbitrarily-primed polymerase chain reaction (AP- PCR)
technique is being used to identify or distinguish between individuals, strains and species. In
the present study, we have applied this method to detect genotoxins-induced DNA damage in

aquatic organisms.

In a set of experiments, a marine macroalga, Palmaria palmata, was exposed to ultraviolet
(UV) radiation (0.9-8 W / m? for 3 hours while the water flea Daphnia magna was exposed
to benzo(a)pyrene (0.0125-0.2 ppm) for 14 days. DNA from both the organisms was
extracted and the AP-PCR method was performed to obtain DNA fingerprints. The principal
changes observed in the fingerprints were a variation in intensities of bands and a loss or gain
of bands compared to the controls. The qualitative and quantitative changes lead us to
conclude that these modifications result from the interaction of 7ag DNA polymerase with
induced DNA damage during the amplification process as well as the quantitative variation of
available primers. Our study therefore suggests that the AP-PCR method could be a sensitive

tool for the detection of a wide range of DNA damage at molecular level.

219



REFERENCES

Adams, S M., Shepard, K.L., Greeley, M.S., Jimenez, B.D., Ryon, M.G., Shugart, L.R. and
McCarthy, I.F. (1989) The use of bioindicators for assessing the effects of pollutant stress on
fish. Mar. Environ. Res. 28, 459

Algarra, P., de la Vifia, G. and Niell, F.X. (1991) Effects of light quality and irradiance level
interaction on short-term pigment response of the red alga Corallina elongata. Mar. Ecol.

Prog. Ser. 74, 27-32.

Altenburger, R, Bodeker, W., Faust, M. and Grimme, L. H. (1993) Analysis of combination
effects in aquatic toxicology. In: Corn, M. (Ed.) Handbook of harzardous materials, pp. 15-
27. San Diego, CA, USA : Academic Press.

Anderson, S L. and Wild, G.C. (1994) Linking genotoxic responses and reproductive success
in ecotoxicology. Environ. Health Perspec. 102, 9-12.

Anderson, S.1, Sadinski, W., Shugart, L., Brussard, P., Depledge, M., Ford, T., Hose, J,
Stegeman, J., Suk, W., Wirgin, . and Wogan, G. (1994) Genetic and molecular ecotoxicology

- a research framework. Environ. Health Perspec. 102, 3-8.

Arvik, J.H,, Hyzak, D.L. and Zimdahl, R.L. (1973) Effect of metribuzin and two analogs on
five species of algae. Weed Sci. 21, 173-175.

Atienzar, F., Child, P., Evenden, A, Jha, A., Savva, D., Walker, C. and Depledge, M. (1998)
Application of the abitrarily primed polymerase chain reaction for the detection of DNA

damage. Mar. Environ. Res. 46, 331-335.

Axelsson, B. and Axelsson, L. (1987) A rapid and reliable method to quantify environmental

effects on Laminaria based on measurements of ion leakage. Bor. Marina 30, 55-61.

Baird, D.J., Barber, I. and Calow, P. (1990) Clonal variation in general responses of Daphnia
magna Straus to toxic stress. 1. Chronic life-history effects. Funct. Ecol. 4, 399-408.

220



Bais, A.F. (1997) Spectrometers: operational errors and uncertainties. In: Zerefos, C.S. and
Bais, A.F. (Eds.) Solar ultraviolet radiation. Modelling, measurements and effects, pp. 165-

174. Berlin: Springer Verlag.

Barlow, R.G., Cummings, D.G. and Gibb, S.W. (1997) Improved resolution of mono- and
divinyl chlorophylls a and & and zeaxanthin and lutein in phytoplankton extracts using reverse

phase C-8 HPLC. Mar. Ecol. Prog. Ser. 161, 303-307.

Bauman, J. W, Liu, J. and Klassen, C.D. (1993) Production of metallothionein and heat-shock

proteins in response to metals. fund. Appl. Toxicol. 21, 15-22.

Beach, K.S., Smith, C. M., Michael, T. and Shin, H.-W. (1995) Photosynthesis in reproductive
unicells of Ulva fasciata and Enteromorpha flexuosa: Implications for ecological success.

Mar. Ecol. Prog. Ser. 125 229-237.

Beach, K.S. and Smith, C.M. (1996) Ecophysiology of tropical Rhodophytes. 1. Microscale
acclimation in pigmentation. J. Phycol. 32, 701-710.

Beardall, J., Berman, T., Markager, S., Martinez, R. and Montecino, V. (1997) The effects of
ultraviolet radiation on respiration and photosynthesis in two species of microalgae. Can. J.

Fish. Aquat. Sci. 54, 687-696.

Beckmann, R.P., Mizzen, L.A. and Welch, W.J. (1990) Interaction of Hsp 70 with newly

synthesized proteins: Implications for protein folding and assembly. Science 248, 850-854.

Beggs, C.J., Stolzer-Jehle, A. and Wellman, E. (1985) Isoflavonoid formation as an indicator
of UV-stress in bean (Phaseolus vulgaris L) leaves. The significance of photorepair in

assessing potential damage by increased solar UV-B radiation. Plant. Physiol. 19, 630-634.

Behrenfeld, M.J., Chapman, JW_, Hardy, J.T. and Lee, H.I. (1993) Is there a common
response to ultraviolet-B radiation by marine phytoplankton? Mar. Ecol. Prog. Ser. 102, 59-
68.

Beibl, R. (1962) Seaweeds. In: Lewin, R.A. (Ed.} Physiology and biochemistry of algae, pp.
799-815. New York, USA: Academic Press.

221



Benenati, F. (1990) Keynote address: Plants-keystone to risk assessment. In: Wang, W,
Gorsuch, J.W. and Lower, W R. (Eds.) Plants for toxicity assessment, pp. 5-13. Philadelphia:

American Society for Testing and Materials.

Berenbaum, M.C. (1989) What is synergy? Pharmacol. Rev. 41, 93-141,

Bester, K., Hiihnerfuss, H., Brockmann, U. and Rick, H.J. (1995) Biological effects of
triazine herbicide contamination on marine phytoplankton. Acta Environ. Contam. Toxicol.

29, 277-283.

Bester, K. and Hiihnerfuss, H. (1993) Triazines in the baltic and North Sea. Mar. Poll. Bull.
26, 423-427.

Bhattacharjee, S K., Mathur, M., Rane, S.S. and David, K.A.V. (1987) UV-sensitivity of
cyanobacterium Anacystis nidulans. Part 1 -evidence for photosystem II (PSII) as a lethal
target and constitutive nature of dark - repair system against damage to PSIL. Indian J. Exp.

Biol 25, 832-836.

Bhattacharjee, S.K. and David, K.A.V. (1987) UV-sensitivity of cyanobacterium Anacystis
nidulans: Part 11 -a model involving photosystem (PSII) reaction centre as lethal target and
herbicide binding high turnover B protein as regulator of dark repair. /ndian J. Exp. Biol. 25,
837-842.

Bianchi, T.S., Kautsky, L. and Argyrou, M. (1997) Dominant chlorophylls and carotenoids in
macroalgae of the Baltic Sea (Baltic proper): Their use as potential biomarkers. Sarcia 82,

55-62.

Bidigare, R.R. (1989) Potential effects of UV-B radiation on marine organisms of the
Southern Ocean: Distributions of phytoplankton and krill during austral spring. Photochem.
Photobiol. 50, 469-477.

Bidigare, R R., Ondrusek, M.E., Morrow, J.H. and Kiefer, D.A. (1990) /n vivo absorption
properties of algal pigments. Ocean optics 1302, 290-302.

222



Bischof, K., Hanelt, D. and Wiencke, C. (1998) UV-radiation can affect depth-zonation of
Antarctic macroalgae. Mar. Biol. 131, 597-605.

Bjorkman, O. (1987) Low-temperature chlorophyll fluorescence in leaves and its relation to
photon yield of photosynthesis in photoinhibition. In: Kyle, D.J., Osmond, C.B. and Arntzen,
C.J. (Eds.) Topics in photosynthesis, pp. 123-144. Amsterdam: Elsevier.

Bjorn, L.O., Bormman, JF. and Olsson, E. (1986) Effects of ultraviolet radiation on
fluorescence induction kinetics in isolated thylakoids and intact leaves. In: Worrest, R.C. and
Caldwell, M.M. (Eds.) Stratospheric ozone reduction, solar uliraviolet radiation and plant

life, pp. 186-197. Berlin: Springer Verlag.

Bjom, L.O. and Murphy, T.M. (1985) Computer calculation of solar ultraviolet radiation at
ground level. Physiol. Veg. 23, 555-561.

Blanck, H., Wallin, G. and Wingberg, S. (1984) Species-dependent variation in algal

sensitivity to chemical compounds. Ecotoxicol. Environ. Saf. 8, 339-351.

Blumthaler, M. (1997) Broad-band detecters for UV measurements. In: Zerefos, C.S. and
Bais, A F. (Eds.) Solar ultraviolet radiation. Modelling, measurements and effects, pp. 174-

185. Berlin: Springer Veriag.

Bolhar-Nordenkampf, H.R., Long, S.P., Baker, N.R., Oquist, G., Schreiber, U. and Lechner,
E.G. (1989) Chlorophyll fluorescence as a probe of the photosynthetic competence of leves in

the field: A review of current instrumentation. Funct. -Ecol. 3, 497-514.

Boney, A.D. (1963) The effects of 3-amino-1,2,4-triazole on the growth of sporelings of
marine red algae. J. Mar. Biol. Assoc. U. K. 43, 643-652.

Bothwell, M.L., Sherbot, D.M.J. and Pollock, C.M. (1994) Ecosystem response to solar

ultraviolet-B radiation - influence of trophic-level interactions. Science 265, 97-100.

Bowes, G. (1976) Control of aspen poplar, balsam poplar, and prickly rose by picloram alone

and in mixures with 2,4-D. J. Range. Manage. 29, 148-150.

223



Bradford, M.B. (1976) A rapid and sensitive method for the quantification of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-
254.

Bradley, B.P. (1993) Are stress proteins indicators of exposure or effect? Mar. Environ. Res.

35, 85-88.

Britt, A B. (1997) Genetic analysis of DNA repair in plants. In: Lumsden, P. (Ed.) Plants and
UV-B. Responses to environmental change, pp. 77-93. Cambridge: Cambridge University

Press.

Britton, G. (1984) The biochemistry of natural pigments, Cambridge: Cambridge University

Press.

Brock, A. and Brock, V. (1990) Plasma cholinesterase activity in a healthy population group
with no occupational exposure to known cholinesterase inhibitors: Relative influence of some
factors related to normal inter- and intraindividual variations. Scand. J. Clin. Lab. Invest. S0,

401.

Bryan, G.W. and Gibbs, P.E. (1991) Impact of low concentrations of tributyltin (TBT) on
marine organisms: A review. In: Newman, M.C. and Mcintosh, A W. (Eds.) Mertal
ecotoxicology: concepts and applications, pp. 323-361. Chelsea, MI, USA: Lewis Publishers.

Biichel, C. and Wilhelm, C. (1993) /n vivo analysis of slow chlorophyll fluorescence induction

kinetics in algae: Process, problems and perspective. Photochem. Photobiol. 58, 137-148.

Butler, W.L. and Kitajima,M. (1975) A tripartite model for chloroplast fluorescence. In:
Avron, M. (Ed.) Proceedings of the 3rd Congress on Photosynthesis. Amsterdam: Elsevier.

Caldwell, M-M. (1971) Solar UV irradiation and the growth and development of higher
plants. In: Giese, A.C. (Ed.) Photophysiology, pp. 131-177. New York: Academic press.

Caldwell, M.M. (1977) The effects of solar UV-B radiation (280-320 nm) on higher plants:
Implications of stratospheric ozone reduction. In: Castellani, A. (Ed.) Research in

photobiology, pp. 597-607. New York: Plenum Press.

224



Caldwell, M.M. (1981) Plant response to solar ultraviolet radiation. In: Lange, O.L., Nobel,
P.S., Osmund, C.B. and Zeigler, H. (Eds.) Physiological plant ecology, [ .Responses to
physical environment, pp. 169-197. Berlin: Springer Verlag.

Caldwell, MM, Camp, L.B., Warner, CW. and Flint, S.D. (1986) Action spectra and their
key role in assessing biological consequences of solar UV-B radiation change. In: Worrest,
R.G. and Caldwell, M.M. (Eds.) Stratospheric ozone reduction, solar ultraviolet radiation

and plant life, pp. 87-111. Berlin: Springer Verlag.

Caldwell, M.M,, Teramura, A.H. and Tevini, M. (1989) The changing solar ultraviolet climate
and the ecological consequences for higher plants. Trends. Ecol. Evol. 4, 363-366.

Caldwell, M.M., Teramura, A.H., Tevini, M., Bornman, J.F., Bjérn, L.O. and Kulandaivelu,
G. (1995) Effects of increased solar ultra-violet radiation of terrestrial plants. Ambio 24, 166-
173.

Caldwell, M.M. and Flint, S$.D. (1997) Uses of biological spectral weighting functions and the

need of scaling for the ozone reduction problem. Plant Ecol. 128, 66-76.

Calkins, J. and Thordardottir, T. (1980) The ecological significance of solar UV radiation on

aquatic organisms. Nature 283, 563-565.

Campos, J.L., Figueras, X., Pinol, M.T., Boronat, A. and Tiburcio, A.F. (1991) Carotenoid
and conjugated polyamine levels as indicators of ultraviolet-C induced stress in Arabidopsis

thaliana. Photochem. Photobiol. 53, 689-693.

Cen, Y.P. and Bornman, J.F. (1990) The response of bean plants to UV-B radiation under
different irradiances of background visible light. J. Exp. Bot. 41, 1489-1495,

Chapman, AR.O. (1984) Reproduction, recruitment and mortality in two species of

Laminaria in Southwest Nova-Scotia. J. £xp. Mar. Biol. Ecol. 78, 99-109.

225



Christner, D.F., Lakshman, M K., Sayer, JM,, Jerina, D.M. and Dipple, A. (1994) Primer
extension by various polymerases using oligonucleotide templates containing stereoisomeric

benzo(a)pyrene deoxyadenosine adducts. Biochem. 33, 14297-14305.

Ciba-Geigy (1995a) Information sheet. Irgarol 1051. 05/01/1995.

Ciba-Geigy (1995b) Brochure. Irgarol 1051 in Antifouling Paints.

Cloud, P.E. (1968) Atmospheric and hydrospheric evolution of primitive earth. Science 160,
729-736.

Cochrane, B.J, Irby, R.B. and Snell, T.W. (1991) Effects of copper and tributyltin on stress
protein abundance in the rotifer Brachionus plicatilis. Comp. Biochem. Physiol. 98C, 385-
390.

Coleman, IS., Heckathorn, S.A. and Hallberg, R.L. (1995) Heat-shock proteins and
thermotolerance: Linking molecular and ecological perspectives. TREE 10 (8), 305-306. New

York: Elselvier Science Ltd.

Conrad, R, Bichel, C., Wilhelm, C., Arsalane, W_, Berkaloff, C. and Duval, J.-C. (1993b)
Changes in in vivo fluorescence of chlorophyll as a tool for selective herbicide monitoring. J.

Appl. Phycol. 3, 505-516.

Coon, D.A,, Neushul, M. and Charters, A.C. (1972) The settling behavior of marine algal
spores. Proc. Intl. Seaweed Symp. 7, 237-242.

Cordi, B., Depledge, M.H., Price, D.N_, Salter, L. F. and Donkin, M.E. (1997) Evaluation of
chlorophyll fluorescence, in vivo spectrophotometric pigment absorption and 1on leakage as

biomarkers of UV-B exposure in marine macroalgae. Mar. Biol. 130, 41-49.
Cordi, B, Hyde, P., Donkin, M.E.,, Price, D.N. and Depledge, M.H. (1998a) Evaluation of i»

vivo thallus absorptance and chlorophyll fluorescence as biomarkers of UV-B exposure and

effects in marine macroalgae from different tidal levels. Mar. Environ. Res. (in press).

226



Cordi, B., Peloguin, J., Donkin, M.E. and Depledge, M.H. (1998b) Influence of UV-B
radiation on the reproductive cells of intertidal macroalga, Enteromorpha intestinalis.

(Submitted).

Crawford, M. (1987) Landmark ozone treaty negotiated. Science 237, 1557.

Crtchley, C. and Rusell, W. (1994) Photoinhibition of photosynthesis in vive: The role of
protein turnover in photosystem IL. Physiol. Plant. 92, 188-196.

Cross, W.E., Wilce, R.T. and Fabijan, M.F. (1987) Effects of experimental releases of oil and

dispersed oil on arctic nearshore macrobenthos. 1II. Macroalgae. Arctic 40, 211-219.

Cullen, J.J., Neale, P.J. and Lesser, M.P. (1992) Biological weighting function for the
inhibition of phytoplankton photosynthesis by ultraviolet-radiation. Science 258, 646-650.

Cullen, J.J. and Lesser, M.P. (1991) Inhibition of photosynthesis by ultraviolet-radiation as a

function of dose and dosage rate - results for a marine diatom. Mar. Biol. 111, 183-190.

Cunningham, A., Levavasseur, G., Estrada, M., Hanelt, D. and Wilhelm, C. (1996) Technical-

discussion-III - fluorescence measurements. Sci. Mar 69, 301-302.

Dahl, B. and Blanck, H. (1996) Toxic effects of the antifouling agent Irgarol 1051 on

periphyton communities in coastal water microcosms. Mar. Poll. Bull. 32, 342-350.

Dahlbeck, A., Hennksen, T., Larsen, SH.H. and Stamnes, K. (1989) Biological UV-doses
and effect of an ozene layer depletion. Photochem. Photobiol. 49, 621-625.

Davidson, L.R. and Pearson, G.A. (1996) Stress tolerance in intertidal seaweeds. .J. Phycol.
32, 197-211.

Demming, B. and Bjornman, O. (1987) Comparson of the effect of excessive light on

chlorophyll fluorescence (77K) and photon yield of 0, evolution in leaves of higher plants.

Planta 171, 171-184.

227



Depledge, M.-H. (1989) The rational basis for detection of the early effects of marine
pollutants under physiological indicators (synopsis). Ambio 18, 301-302.

Depledge, M.H., Amaral-Mendes, J.J., Daniel, B., Halbrook, R.S., Kloepper-Sams, P.,
Moore, M.N. and Peakall, D.B. (1993) The conceptual basis of the biomarker approach. In:
Peakall, D.B. and Shugart, L.R. (Eds.) Biomarkers, Berlin: Springer Verlag,

Depledge, M.H. (1994) The rational basis for the use of biomarkers as ecotoxicological tools.
In: Fossi, M.C. and Leonzio, C. (Eds.) Nondestructive biomarkers in vertebrates, pp. 271-

295. Boca Raton: Lewis Publishers.

Depledge, M.H. (1997) Genotypic toxicology: Implications for individuals and populations.
Environ. Health Persp. 102, 101-104.

Depledge, M.H. (1998) The ecotoxicological significance of genotoxicity in marine
invertebrates. Mutation Res. 399, 109-122.

Devlin, R M. (1973) Influence of phenoxy growth regulators on the uptake of naptalam by

Potamogeton pectinatus. Proc. Northeastern Weed Sci. Soc. 27, 115-119.

Dohler, G. (1987) Wirkung erhohter UV-B-Strahlung und anderer Stressfaktoren auf marines
Phytoplankton. BPT-Bericht Gesellschaft fir Strahlen- und Umweltforschung, Miinchen
2/87.

Daohler, G., Hagmeier, E., Grigoleit, E. and Krause, K.D. (1991) Impact of solar UV radiation
on uptake of 15N-ammonia and 15N-nitrate by marine diatoms and natural phytoplankton.

Biol. Phys. Pfl. 187, 293-303.

Dohler, G., Hoffmann, M. and Stappel, U. (1995) Pattern of proteins after heat shock and
UV-B radiation of some temperate marine diatoms and the Antarctic Odontella weissflogii.

Bot. Acta 108, 93-98.

Donahue, B.A, Yin, S., Taylor, J.S., Reines, D. and Hanawalt, P.C. (1994) Transcript
cleavage by RNA polymerase II arrested by a cyclobutane pyrimidine dimer in the DNA
template. Proc. Nat. Acad. Sci.US. 91, 8502-8506.

228



Draber, W., Kluth, IF., Tietjen, K. and Trebst, A (1991) Herbizide in der
Photosyntheseforschung. Angew. Chem. 103, 1650-1663.

Dring, M.J. (1981) Chromatic adaptation of photosynthesis in benthic marine algae: An
examination of its ecological significance using a theoretical model. Limnol. Oceanogr. 26,

271-284.

Dring, M.J. (1982) The biology of marine plants, London: Edward Arnold.

Dring, M.J. and Brown, F..A. (1982) Photosynthesis of intertidal brown algae during and
after periods of emersion: a renewed search for physiological causes of zonation. Mar. Ecol.

Prog. Ser. 8, 301-308.

Dring, M.J, Wagner, A., Boeskov, J. and Liining, K. (1996a) Sensitivity of intertidal and
subtidal red algae to UV-A and UV-B radiation, as monitored by chlorophyll fluorescence
measurements: Influence of collection depth and season, and length of irradiation. Eur. J.

Phycol. 31,293-302.

Dring, M.J., Makarov, V., Schoschina, E., Lorenz, M. and Liining, K. (1996b) Influence of
ultraviolet-radiation on chlorophyll fluorescence and growth in different life-history stages of

3 species of Laminaria (Phaeophyta). Mar. Biol. 126, 183-191.

Dnscoll, C.M.H., Whillock, M.J., Pearson, A.J. and Mckinlay, A.F. (1992) Three years of

solar radiation measurements at NRPB. Radiol. Prot. Bull. 11-16.

Dubé, S.L. and Bornman, J.F. (1992) Response of spurce seedlings to simultaneous exposure

to ultraviolet-B radiation and cadmium. Plant Physiol. Biochem. 30, 761-767.

Duggins, D.O., Simenstad, C.A. and Estes, J.A. (1989) Magnification of secondary

production by kelp detritus in coastal marine ecosystems. Science 245, 170-173.
Dunlap, W.C., Chalker, B.E. and Oliver, J.K. (1986) Bathymetric adaptations of reef-building

corals at Davies reef, Great Barrier-reef, Australia. IIl. UV-B absorbing compounds. J. Exp.

Mar. Biol. Fcol 104, 239-248.

229



Dunlap, W.C., Williams, D.M., Chalker, B.E. and Banaszak, A T. (1989) Biochemical
photoadaptation in vision - UV-absorbing pigments in fish eye tissues. Comp. Biochem.

Physiol. 93(B), 601-607.

Dunlap, W.C. and Chalker, B.E. (1986) Identification and quantitation of near-UV absorbing
compounds (S-320) in a Hermatypic scleractinian. Coral Reefs S, 155-159.

Dyer, S.D., Brooks, G.L. and Dickson, K.L. (1993) Synthesis and accumulation of stress
proteins in tissues of arsenite-exposed fathead minnows (Pimephales promelas). Environ.

Toxicol. Chem. 12, 913-924,

Ekelund, N.G.A. (1991) The effects of UV-B radiation on dinoflagellates. Plant. Physiol. 138
274-278.

Ellsworth, D.L., Rittenhouse, K.D. and Honeycutt, R L. (1993) Artifactual variation in
randomly amplified polymorphic DNA banding patterns. Biofechniques 14, 214-217,

Environmental Protection Agency (1994) Pesticide fact sheet. Reg. No. 40810-11,

Farman, J.C., Gardiner, B.G. and Shanklin, J.D. (1985) Large losses of total ozone in
Antarctica reveal seasonal ClIQ,/NO, interaction. Nature 315, 207-210.

Figueroa, F.L., Salles, S., Aguilera, I., Jimenez, C., Mercado, J., Vinegla, B, FloresMoya, A.
and Altamirano, M. (1997) Effects of solar radiation on photoinhibition and pigmentation in

the red alga Porphyra leucosticta. Mar. Ecol. Prog. Ser. 151, 81-86.

Fischer, M. and Hider, D.P. (1992) UV effects on photosynthesis and phycobiliprotein
composition in the flagellate Cyanophora paradoxa. FEMS Microbiol. Ecol. 101, 121-131.

Fletcher, R.L. (1989) A bioassay technique using the marine fouling green alga

Enteromorpha. Internat. Biodeterioration 25, 407-422.

Fletcher, R.L.. (1991) Marine macroalgae as bicassay test organisms. In: Abel, P.D. and
Axiak, V. (Eds.) Ecotoxicology and the marine environment, Chichester, UK: Ellis Horwood
Publishers.

230



Forster, RM. and Liining, K. (1996) Photosynthetic response of Laminaria digitata to
ultraviolet A and B radiation. Sci. Mar. 60 (SUPPL):65-71.

Forsyth, D.J., Martin, P.A. and Shaw, G.G. (1997) Effects of herbicides on two submerged
aquatic macrophytes, Potamogeton pectin actus L. and Myriophyllum sibiricum komarov, in

a prairie wetland. Environ. Pollut. 95, 259-268.

Fossi, M.C., Leonzio, C. and Peakall, D.B. (1994) The use of nondestructive biomarkers in
the hazard assessments of vertebrate populations. In: Fossi, M.C. and Leonzio, C. (Eds.)

Nondestructive biomarkers in vertebrates, Boca Raton, Fl.: Lewis Publishers.

Fossi, M.C. and Leonzio, C. (1994) Nondestructive biomarkers in vertebrates, Boca Raton:

Lewis publishers.

Franklin, L.A. (1994) The effects of temperature acclimation on the photoinhibitory responses
of Ulva rotundata Blid. Planta 192, 324-331.

Franklin, L.A., Seaton, G.G.R., Lovelock, C.E. and Larkum, A.W.D. (1996) Photoinhibition
of photosynthesis on a coral reef. Plant Cell Environ. 19, 825-836.

Franklin, L. A. and Forster, RM. (1997) Review. The changing irradiance environment:
Consequences for marine macrophyte physiology, productivity and ecology. Eur. J. Phycol.
32, 207-232.

Frederick, J.E. (1993) Ultraviolet sunlight reaching the earth's surface: A review of recent
research. Photochem. Photobiol. 57, 175-178.

Furtado, S.E.J. and Fletcher, R.L. (1987) Test procedures for marine antifouling paints. In:
Board, R.G., Allwood, M.C. and Banks, J.G. (Eds.) Preservatives in the food,

pharmaceutical and environmental industries, pp. 145-163. Society for applied bacteriology.

Gala,W R. and Giesy, J.P. (1992) Photo-induced toxicity fo Anthracene to the green alga

Selenastrum capricornutum. Arch. Environ. Contam. Toxicol. 23, 316-323.

231



Garcia-Pichel, F., Wingard, C.E. and Castenholz, R.W. (1993) Evidence regarding the UV
sunscreen role of a mycosporine-like compound in the cyanobacterium Gloeocapsa sp. Appl.

Environ. Microbiol. 59, 170-176.

Garten, C.T., Jr. (1990) Multispecies tests of testing for toxicity: Use of Rhizobium-legume
symbiosis in nitrogen fixation and correlations between responses by algae and terrestrial
plants. In. Wang, W, Gorsuch, JW. and Lower, WR. (Eds.) Plants for toxicity
assessment. STP 1091, pp. 69-84. Philadelphia, PA: Amercan Society for Testing and

Materials.

Gerber, S. and Hader, D.P. (1992) UV Effects on photosynthesis, proteins and pigmentation
in the flagellate Luglena gracilis: Biochemical and spectroscopic observations. Biochem.

System. Ecol. 20, 485-492,

Gessner, F. and Hammer, L. (1968) Exomosis and "free space" in marine benthic algae. Mar.

Biol. 2, 88-91.

Gibb, S.W., Barlow, R.G., Cummings, D.G., Rees, N'W., Trees, C.C., Holligan, P. and
Suggett, D. (1998) Surface phytoplankton pigment distributions in the Atlantic Ocean: An

assessment of basin scale variability. Prog. Oceanogr. (In Press).

Goodman, C.N. and Russel, G. (1977) Inter- and intraspecific variation in seaweed fouling
potential. pp. 221-223. Antibes, Bologne: Centre des Recherches et d'Etude
Oceanographique.

Gough, M. A, Fothergill, J. and Hendrie, J.D. (1994) A survey of Southern England coastal
waters for the s-Triazine antifouling compond Irgarol 1051. Mar. Poll. Bull. 28, 613-620.

Graham, M H. (1996) Effect of high irradiance on recruitment of the giant kelp Macrocystis
(Phaeophyta) in shallow water. J. Phycol. 32, 903-906.

Gramlich, J.V. and Frans, R.E. (1964) Kinetics of Chlorella inhibition by herbicides. Weed's
12, 184-189.

232



Grandjean, P. (1991) Effects on reserve capacity: Significance for exposure limits. Sci. Total

Environ. 101, 25
Grant, V. (1963) The origin of adaptations, New York: Columbia University Press.

Gribbin, J. (1988) The hole in the sky: Man's threat to the ozone layer, New York: Bantam
Books.

Grobe, C.W. and Murphy, T.M. (1994) Inhibition of growth of Ulva expansa (Chlorophyta)
by ultraviolet-B radiation. J. Phycol. 30, 783-790.

Grossweiner, L.I. and Smith, K.C. (1989) Photochemistry. In: Smith, K.C. (ed.) The Science
of Photochemistry, pp. 47-78. New York: Plenum Press.

Gulyas, H., Eickhoff, H.J,, Holst, H.J. and Sekoulov, I. (1993) Identifizierung organischer
Einzelsubstanzen in Ablaufen Biologischer Klaranlagen. Wasser Abwasser 134, 486-491.

Gupta R.C. (1984) Nonrandom binding of the carcinogen N-hydroxy-2-acetylaminofluorene
to repetitive sequences of rat-liver DNA in vivo. Proc. Nat. Acad. Sci.US. 81, 6943-6947.

Gustavson, K. and Wangberg, S.-A. (1995) Tolerance induction and succession in microalgae

communities exposed to copper and atrazine. Aquat. Toxicol. 32, 283-302.

Hider, D.P., Worrest, R.C., Kumar, HD. and Smith, R.C. (1995) Effects of increased solar

ultraviolet-radiation on aquatic ecosystems. Ambio 24, 174-180.

Hider, D.P. (1996) Effects of enhanced solar UV-B radiation on phytoplankton. Sci. Mar 60,
59-63.

Hider, D.P., Herrmann, H., Schafer, J. and Santas, R. (1996a) Photosynthetic fluorescence
induction and oxygen production in corrallinacean algae measured on site. Bot. Acta 109,

285-291.

233



Hider, D.P., Herrmann, H. and Santas, R. (1996b) Effects of solar radiation and solar
radiation deprived of UV-B and total UV on photosynthetic oxygen production and pulse

amplitude modulated fluorescence in the brown alga Padina pavonia. Microbiol. Ecol. 19,

53-61.

Hider, D.P. (1997a) Penetration and effects of solar UV-B on phytoplankton and
macroalgae. Plant Ecol. 128, 4-13.

Hider, D.P. (1997b) Effects of solar UV-B radiation on aquatic ecosystems. In: Lumsden,
P.J. (Ed.) Plants and UV-B. Responses to environmental change, pp. 172-193. Cambridge:

Cambridge University Press.

Hider, D.P. and Figueroa, F.L. (1997) Invited Review. Photoecophysiology of marine
macroalgae. Photochem. Photobiol. 66, 1-14.

Han, T. and Kain, J M. (1996) Effect of photon irradiance and photoperiod of young
sporophytes of four species of Laminariales. Eur. J. Phycol. 31, 233-240.

Hanelt, D. (1992) Photoinhibition of photosynthesis in marine macrophytes of the South
Chinese Sea. Mar. Ecol. Prog. Ser. 82, 199-206.

Hanelt, D., Huppertz, K. and Nultsch, W. (1992) Photoinhibition of photosynthesis and its
recovery in red algae. Bot. Acta 105, 278-284.

Hanelt, D, Uhrmacher, S. and Nultsch, W. (1995) The effect of photoinhibition on
photosynthetic oxygen production in the brown alga Dictyota dichotoma. Bot. Acta 108, 99-
105.

Hanelt, D., Wiencke, C. and Karsten, U. (1997) Photoinhibition and recovery after high light
stress in different developmental and life-history stages of Laminaria saccharina

(Phaeophyta). J. Phycol. 33, 387-395.

Hanelt, D. and Nultsch, W. (1991) The role of chromatophore arrangement in protecting the
chromatophores of the brown alga Dictyota dichotoma against photodamage. .J. Plant

Physiol. 138, 470-475.

234



Hanelt, D. and Nultsch, W. (1994) Field studies of photoinhibition show non-correlation
between oxygen and fluorescence measurements in Arctic red alga Palmaria palmata. J. Pl

Physiol. 145, 31-38.

Haxo, F.T. and Blinks, L.R. (1950) Photosynthetic action spectra of marine algae. J. Gen.
Physiol. 33, 389-342.

Helbling, E.W., Villafane, V., Ferrario, M. and Holm-Hansen, O. (1992) Impact of natural
ultraviolet radiation on rates of photosynthesis and on specific marine phytoplankton species.

Mar. Ecol. Prog. Ser. 80, 89-100.

Hellenbrand, K. (1978) Effect of pulp mill effluent on productivity of seaweeds, Princeton:

Science Press.

Henley, W.J., Levavasseur, G., Franklin, L. A., Lindley, S.T., Ramus, J. and Osmond, C B.
(1991) Diurnal responses of photosynthesis and fluorescence in Ulva rotundata acclimated to

sun and shade in outdoor culture. Mar. Ecol. Prog. Ser. 75, 19-28.

Herbert, S.K. (1990) Photoinhibition resistance in the red alga Porphyra perforata. Plant.
Physiol. 92 514-519.

Herrmann, H., Ghetti, F., Scheuerlein, R. and Héder, D.-P. (1995) Photosynthetic oxygen and
fluorescence measurements in Ulva laetevirens affected by solar irradiation. J. Plant Physiol.

145, 221-227.

Hightower, L.E. (1993) A brief perspective of the heat-shock response and stress proteins.
Mar. Environ. Res. 35, 79-83.

Hiranpradit, H. and Foy, C.L. (1992) Effect of four triazine herbicides on growth of nontarget
green algae. Weed Sci. 40, 134-142.

HMSO (1994) Pesticides approved under the control of pestides regulations, 1986.
Reference Book 500, London: HMSO.

235



Ho, Y.B. (1990) Metals in Ulva lactuca in Hong Kong intertidal waters. Bull. Mar. Sci. 47,
79-85.

Hoffmann, A.J. and Camus, P. (1989) Sinking rates and viability of spores from benthic algae
in central Chile. J. Exp. Mar. Biol. Ecol. 126, 281-291.

Hofmann, D.J. (1989} Direct ozone depletion in springtime Antarctic lower stratospheric

clouds. Nature 337, 447-449.

Hgjerslev, N.K. (1988) Natural occurrences and optical effects of Gelbstoff. 50, p.30

Kgbenhavns Universitet Geofysisk Institut: Copenhagen Report.

Holm-Hansen, O_, Lubin, D. and Helbling, E.W. (1993) Ultraviolet radiation and its effects on
organisms in aquatic environments. In: Young, AR, Bjorn, L.O., Moan, J. and Nultsch, W.

(Eds.) Environmental UV photobiology, pp. 379-425. New York: Plenum Press.

Holzwarth, A.R. (1991) Excited-state kinetics in chlorophyll systems and its relationship to
the functional organisation of the photosystems. In: Scheer, H. (Ed.) Chlorophylls, pp. 1125-
1151. Boca Raton, Fl. CRC Press.

Hopkin, R. and Kain, I M. (1978) The effects of some pollutants on the survival, growth and
respiration of Laminaria hyperborea. Estu. Cstl. Mar. Sci. 7, 531-553.

Houghton, R.A. and Woodwell, G.M. (1989) Global climatic change. Sci. Am. 260, 18-26.

Howland, G.P. (1975) Dark repair of ultraviolet-induced pynmidine dimers in the DNA of
wild carrot protoplasts. Nature 254, 160-161.

Hsaio, S.1.C., Kittle, D.W. and Foy, M.G. (1978) Effects of crude oils and the oil dispersent
Corexit on primary production of Arctic marine phytoplankton and seaweed. Environ. Polfut.

15, 209-221.

Huang, X.-D., Dixon, D.G. and Greenberg, B.M. (1993) Impacts of UV radiation and
photomodification on the toxicity of PAHs to the higher plant Lemna gibba (Duckweed).
Environ. Toxicol. Chem. 12, 1067-1077.

236



Hunt, R. (1978) Plant growth analysis, London: Edward Arnold.

Ide, H., Petrullo, LA, Hataet, Z. and Wallace, S.S. (1991) Processing of DNA base damage
by DNA polymerases-Dihydrothymine and B-ureidoisobutyric acid as models for instructive

and noninstructive lesions. J. Biol. Chem. 266, 1469-1477.

Ionov, Y., Peinado, M.A., Malkhosyan, S., Shibata, D. and Perucho, M. (1993) Ubiqutous
somatic mutations in simple repeated sequences reveal a new mechanism for colonic

carcinogenesis. Nature 363, 558-561.

IPCC (1992) Climate change 1992: The supplement report to the IPCC scientific

assessment, Cambridge: Cambridge University Press.

Irvine, L.M. (1995) Seaweeds of the British Isles, Vol 1 Rhodophyta. Part 24

Cryptonemiales (Sensu stricto), Palmariales, Rhodymeniales. London: HMSO Publications.

Jagger, J. (1985) Solar-UV actions on living cells, New York: Praeger Publishing.

Jeffrey, S.W. (1980) Algal pigment systems. In: Falkowski, P.G. (Ed.) Primary productivity
in the sea, pp. 33-58. New York: Plenum Press.

Jensen, A. (1984) Marine ecotoxicological tests with seaweeds. In: Persoone, G., Jaspers, E.
and Claus, C. (Eds.) Ecoroxicological testing for the marine environment, pp.181-193.

Bredene, Belgium: State Uvin. Ghent and Inst. Mar. Scient. Res.
Jha, AN, Hutchinson T.H., Mackay J.M., Elliot B.M., Dixon D R. (1996) Development of an
in vivo genotoxicity assay using the worm Platynereis dumerilii (Polychaeta, Nereidae).

Mutation Res. 359, 141-150.

Jones, W.E. and Babb, M.S. (1968) The motile swarmers of Erteromorpha intestinalis (L.).
Phycol. Bull 3, 525-528.

Joubert, G. (1980) A bioassay application for quantitative toxicity measurements using the

green alga Selenastrum capricornutum. Water Res. 14, 1759-1763.

237



Kageyama, A, Yokohama, Y., Shimura, S. and Ikawa, T. (1977) An efficient excitation
energy transfer from a carotenoid, siphonaxanthin to chlorophyll a observed in a deep water

species of chlorophycean seaweed. Pl Cell Physiol. , Tokyo 18, 477-480.

Kain, ] M. and Norton, T.A. (1990) Marine ecology. In: Cole, K.M. and Sheath, R.G. (Eds.)
Biology of the Red Algae, pp. 377-422. Cambridge: Cambridge University Press.

Karentz, D. (1991) Ecological considerations of Antarctic ozone depletion. Antarctic Sci. 3,

3-11.

Karentz, D., Mc Euen, F.S., Land, M.C. and Dunlap, W.C. (1991a) Survey of mycosporine-
like amino acid compounds in Antartic marine organisms: Potential protection from ultraviolet

exposure. Mar. Biol. 108, 157-166.

Karentz, D., Cleaver, JE. and Mitchell, D L. (1991b) Cell-survival characteristics and
molecular responses of Antarctic phytoplankton to ultraviolet-B radiation. . Phycol. 27, 326-
341.

Karentz, D. (1992) Ozone depletion and UV-B radiation in the Antarctic -limitations to

ecological assessment. Mar. Poll. Bull. 25, 231-232.

Karentz, D. (1994) Ultraviolet tolerence mechanisms in Antarctic marine organisms. In:
Weiler, C.S. and Penhale, P.A. (Eds.) Ultraviolet radiation in Antarctica: Measurements and

biological effects, Washington, DC: Americal Geophycical Union.

Karentz, D. and Lutze, L.H. (1990) Evaluation of biologically harmful ultraviolet-radiation in
Antarctica with a biological dosimeter designed for aquatic environments. Limnol. Oceanogr.

35, 549-561.

Kawallik, W. (1987) Blue light effects on carbohydrate and protein metabolism. In: Senger,
H. (Ed.) Blue light responses. Phenomena and occurrence in plants and microorganisms.

Vol. [, pp. 7-16. Boca Raton, Florida: CRC Press.

Kelly, M. (1989) Monitoring water pollution: The role of plants. Plants today, May-June, 96-
100.

238



Kent, R.A. and Currie, D. (1995) Predicting algal sensitivity to pesticide stress. Environ.
Toxicol. Chem. 14, 983-991.

Kerr, J.B. and McElroy, C.T. (1993) Evidence for large upward trends of ultraviolet-B
radiation. J. Phycol. 262, 1032-1034.

Kirk, J.T.O. (1995) Modeling the performance of an integrating-cavity absorption meter -
theory and calculations for a spherical cavity. Appl.Optics 34, 4397-4408,

Koch, U, Glatzle, D., Ringenbach, F., Dunz, T., Steger-Hartmann, T. and Wagner, E. (1995)
Measurement of ion leakage from plant cells in response to aquatic pollutants. Bull. Environ.

Contam. Toxicol 54, 606-613.

Krause, G.H. and Weis, E. (1991) Chlorophyll fluorescence and photosynthesis - The basics.
Ann. Rev. Plant Physiol. Plant Mol. Biol. 42, 313-349.

Kubota, Y., Shimada, A and Shima, A. (1992) Detection of (gamma)-ray-induced DNA
damage in malformed dominant lethal embryos of the Japanese medaka (Oryzias Latipes)

using AP-PCR fingerprinting. Mutation Res. 283, 263-270.

Kubota, Y, Shimada, A. and Shima, A. (1995) DNA alterations detected in the progeny of
paternally irradiated Japanese medaka fish (Oryzias Latipes). Proc. Nat. Acad. Sci. US. 92,
330-334.

Kursar, T. and Alberte, R.S. (1983) Photosynthetic unit organization in red algae.
Relationships between light harvesting pigments and reaction centers. Pl Physiol. 72, 409-
414,

Kyle, D.J. and Ohad, I. (1987) The mechanism of photoinhibition in higher plants and green
algae. In: Staehelin, L.A. and Arntzen, C.J. (Eds.) Photosynthesis. I1l. Encyclopedia of plant

physiology, pp. 468-472. Berlin: Springer Verlag.

Laemmli, UK. (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685.

239



Lampitt, R.S., Hillier, W.R. and Challenor, P.G. (1993) Seasonal and dial variation in the

open ocean concentration of marine snow aggregates. Nature 362, 737-739.

Larkum, AW.D. and Barrett, J. (1983) Light-harvesting processes in algae. Adv. Bol. Res.
10, 1-219.

Larkum, A W.D. and Wood, W.F. (1993) The effect of UV-B radiation on photosynthesis
and respiration of phytoplankton, bentic macroalgae and seagrasses. Photosynth. Res. 36, 17-
23.

Lavorel, J., Breton, J. and Lutz, M. (1986) Methodological principles of measurements of
light emitted by photosynthetic systems. In: Govindjee, J.A. and Fork, D.C. (Eds.) Light

emission by plants and bacteria, pp. 57-98. New York: Academic Press.

Leonzio, C. and Fossi, M.C. (1994) Nondestructive biomarker strategy: Perspectives and
applications. In: Fossi, M.C. and Leonzio, C. (Eds.) Nondestructive biomarkers in

vertebrates, pp. 297-312. Boca Raton: Lewis Publishers.

Lesser, M.P. (1996) Acclimation of phytoplankton to UV-B radiation: oxidative stress and
photoinhibition of photosynthesis are not prevented by UV-absorbing compounds in the

dinoflagellate Prorocentrum micans. Mar. Ecol. Prog. Ser. 132, 287-297.

Levine, H.G. (1984) The use of seaweeds for monitoring coastal waters. In: Shubert, L.E.

(Ed.) Algae as ecological indicators, pp. 189-210. London: academic press.

Lewis, M.A. (1995) Use of freshwater plants for phytotoxicity testing: a review. Environ.
Polfut. 87, 319-336.

Lewis, S, Handy, R.D., Cordi, B., Billinghurst, Z. and Depledge, M. H. (1998) Stress
proteins analysis. In: Peakall, D.B. and Kennedy, S.W. (Eds.) Handbook of biomarkers.
Molecular, biochemical and physiological methods for environmental toxicology. Vol 1.

London: Kluwer Publishers.

Lewis, S.A. (1997) Phystological and cellular level responses of Enteromorpha SPP to

chemical and thermal stress. University of Plymouth. Ph.D. Thesis.

240



Lindquist, S. (1986) The heat-shock response. Ann. Rev. Biochem. 55, 1151-1191.

Livneh, Z., Cohen-Fix, O., Skaliter, R. and Elizur, T. (1993) Replication of damaged DNA
and the molecular mechanism of ultraviolet light mutagenesis. Critic. Rev. Biochem. Mol.

Biol. 28, 465-513.

Lobban, C.S. and Harrison, P.J. (1994) Seaweed ecology and physiology, Cambridge:

Cambridge University Press.

Lowe, D, Joint, L., Cummins, C., McFadzen, 1., Cheung, V., Cordi, B., Donkin, M., Jha, A ,
Depledge, M., Gibb, S. and Brown, M. (1998) Assessment of impact of ozone depletion on

aquatic ecosystems. A desk study. (Submitted).

Lundebye, A.-K., Vedel, GR., Christensen, AMXK., Kristiansen, K., Hunter, D. and
Depledge, M.H. (1995) Improved quantification of stress proteins by western blotting. Anal.
Chim. Acta. 311, 109-114.

Liining, K. (1980) Critical levels of light and temperature regulating the gametogenesis of

three Laminaria species (Phaeophyceae). J. Phycol. 16, 1-15.

Lining, K. and Neushul, M. (1978) Light and temperature demands for growth and
reproduction of Laminarian gamethophytes in Southern and Central California. Mar. Biol. 45,

297-3009.

Lym, R.G. and Messersmith, C.G. (1985) Leafy spurge control with herbicides in North
Dakota: 20-year summary. J. Kange. Manage. 38, 149-154.

Macdonald, G.E., Skilling, D.G. and Bewick, T.A. (1993) Effects of endothall and other
aquatic herbicides on chlorophyll fluorescence, respiration and cellular integrity. J. Aqua.

Plant Manage. 31, 50-55.

Malins, D.C., McCain, B.B., Landahl, J.T., Myers, M.S. and Kra. (1988) Neoplastic and

other diseases in fish in relation to toxic chemicals: an overview. Aquat. Toxicol. 11, 43-67.

241



Malkin, S., Armond, A., Mooney, H.A. and Fork, D.C. (1981) Photosystem II photosynthetic

unit sizes from fluorescence induction in leaves. Plant Physiol. 67 570-579.

Mann, K.H. (1972a) Ecological energetics of the seaweed zone in a marine bay on the

Atlantic coast of Canada. II. Productivity of the seaweeds. Mar. Biol. 14 199-209.

Mann, K. H. (1972b) Macrophyte production and detritus food chains in coastal waters. Men:.
Ist. Ital. Idrobiol. 29 (Suppl.), 353-583.

Mann, K.H. and Chapman, A.R.O. (1975) Primary production of marine macrophytes. In:
Cooper, 1.P. (Ed.) Photosynthesis and productivity in different environments, pp. 207-223.
Cambridge: Cambridge University Press.

Mantoura, R.F.C. and Llewellyn, C.A. (1983) The rapid determination of algal chlorophyll
and carotenoid pigments and their breakdown products in natural waters by reverse-phase

high-performance liquid chromatography. Anal. Chim. Acta 151, 297-314.

Marcomini, A., Capn, S., Brunner, P.H. and Giger, W. (1988) Mass fluxes of linear
alkylbenzenesulfonates, nonylphenol, nonylphenol mono- and diethoxylate through a sewage
treatment plant. In: Angeletti, G. and Bjorseth, A. (Eds.) Organic micropollutants in the
aquatic environment, pp. 266 (Abstract) Dordrecht, The Netherlands: Kluwer Academic
Publishers.

Margulis, L. (1981) Synbiosis in evolution, San Francisco: W. H. Freeman.

Maroli, L., Pavoni, B., Sfriso, A. and Raccanelli, S. (1993) Concentrations of polychlorinated
biphenyls and pesticides in different species of macroalgae from the Venice Lagoon. Mar.

Poll. Bull. 26, 553-558.

Maytin, E.V., Murphy, L.A. and Merrill, M.A. (1993) Hyperthermia induces resistance to
ultraviolet light-B in primary and immortalized epidermal-keratinocytes. Cancer Res. 53,

4952-4959.

McCarthy, J.F. and Shugart, L. R. (1990) Biomarkers of environmental contamination, Boca

Raton: Lewis Publishers.

242



McClure, JW. (1976) Secondary metabolism and coevolution. Nova Acta. Leopoldina,
Suppl. 7, 463-496.

Mckinlay, A F. and Diffey, B.L. (1987) A reference spectrum for ultraviolet induced erythema
in human skin. CIE Journal 6, 17-22.

Melis, A., Nemson, J.A. and Harrison, M.A. (1992) Damage to functions. Biochem. Biophys.
Acta 1100, 312-320.

Melis, A. and Schreiber, U. (1979) The kinetic relationship beiween the absorbance change,
the reduction of Q. and the varable fluorescence yield change in chloroplasts at room

temperature. Biochim. Biophys. Acta. 547, 47-57.

Mendenhall, W. and Sincich, T. (1989) 4 second course in business statistics: regression

analysis, Dellen.

Middleton, E.M. and Teramura, A H. (1993) Potential errors in the use of celiulose diacetate
and mylar filters in UV-B radiation studies. Photochem. Photobiol. 57, 744-751.

Millie, D.F., Paerl, HW. and Hurley, J.P. (1993) Microalgal pigment assessments using high-
performance liquid chromatography: a synopsis of organismal and ecological applications.

Can. J. Fish. Aqua. Sci. 50, 2513-2527.

Milliken, G.A. and Johnson, D.E. (1984) Analysis of messy data. Volume I: Designed
experiments, New York: Van Nostrand Reinhold.

Mirecki, R M. and Teramura, A -H. (1984) Effects of ultraviolet-B irradiance on soybean. The
dependence of plant-sensitivity on the photosynthetic photon flux-density during and after leaf

expansion. Plant. Physiol. 74, 475-480.
Mitchell, B.G., Vernet, M. and Holm-Hansen, O. (1989) Ultraviolet light attenuation in

Antarctic waters in relation to particulate absorption and photosynthesis. Antarctic J. U. §.

24, 179-180.

243



Mitchell, D.L. and Karentz, D. (1993) The induction and repair of DNA photodamage in the
environment. In: Young, A.R., Bjorn, L.O., Moan, J. and Nulsch, W. (Eds.) Environmental
UV photobiology, pp. 345-377. New York: Plenum Press.

Mitchell, D.L. and Nairn, R.S. (1989) The biclogy of the (6-4) photoproduct. Photochem.
Photobiol. 49, 805-819.

Moore, M.N. (1992) Biomarkers of contaminant exposure and effects: A way forward in

marine environmental toxicology. Sci. Total Environ. 1, 1-12.

Moriarty, F. (1983) Ecotoxicology. The study of pollutants in ecosystems, London: Academic

Press.

Moseley, H. (1988) Non-ionizing radiation: Microwaves, ultraviolet and laser radiation,

Bristol, UK: J W. Arrowsmith LTD.

Miiller, F W, Igloi, GL. and Beck, C.F. (1992) Structure of a gene encoding heat-shock
protein hsp 70 from unicellular alga Chlamydomonas reinharditii. Gene I 2, 165-173.

Murphy, T.M. (1983) Membranes as targets of ultraviolet radiation. Physiol. Plani. 58, 381-
388.

Nakamura, H., Kobayashi, J. and Hirata, Y. (1982) Separation of mycosporine-like amino-
acids in marine organisms using reversed-phase high-performance liquid-chromatography. J.
Chromat. 250, 113-118.

NASA (1990) NASA reference publication. NASA 1242 (14) September 1990.

National Academy of Sciences (1982) Causes and effects of stratospheric ozone reduction:

An update. Washington D.C. National Academy Press.

National Research Council (1989) Biologic markers in reproductive toxicology, Washington

DC: National Academy Press.

244



Nelson, J.R., Lawrence, C.W. and Hinkle, D.C. (1996) Thymine-thymine dimer bypass by
yeast DNA-polymerase-zeta. Science 272, 1646-1649.

Neushul, M. (1972) Functional interpretation of benthic marine algal morphology. In: Abbott,
Al and Kurogi, M. (Eds.) Contributions to the systematics of benthic marine algae of the

North Pacific, pp. 47-73. Tokyo: Japan Society for Phycology.

Nicholsen, P. and Howe, C.J. (1986) Ultraviolet-inducible proteins in Chlamydomonas

reinhardtii Biochem. Soc. Trans. 14, 1098.

Nilawati, J., Greenberg, B.M. and Smith, R.E.H. (1997) Influence of ultraviolet radiation on
growth and photosynthesis of two cold ocean diatoms. /. Phycol. 33, 215-224.

Nixon, S.W. (1988) Physical energy inputs and the comparative ecology of lake and marine

ecosystems. Limnol. Oceanogr. 33 1005-1025.

North, W.J. and James, D.E. (1987) Use of Cystoseira and Sargassum embryonic
sporophytes for testing toxicity effects. Hydrobiologia 151/152, 417-423,

Nover, L. (1991) The heat shock response, Boca Raton, Fl. CRC Press.

Papageorgiou, G. {1975) Chlorophyll fluorescence. An intrinsic probe of photosynthesis. In:
Govindjee, J.A. (Ed.) Bioenergetics of photosynthesis, pp. 320-366. New York: Academic

Press.
Paul, N.D. (1997) Interactions between trophic levels. In: Lumsden, P.J. (Ed.) Plants and
UV-B. Responses to environmental change, pp. 317-339. Cambridge: Cambridge University

Press.

Paul, N.D. (1997) The role of interactions between trophic levels in determining the effects of

UV-B on terrestrial ecosystems. Plant Ecol 128, 297-308.

Peakall, D.B. (1992) Animal biomarkers as pollution indicators, London: Chapman & Hall.

Pearce, F. (1996) Big freeze digs a deeper hole on ozone layer. New Scientist 149, 7.

245



Peinado, M.A., Malkhosyan, S., Velaquez, A and Perucho, M. (1992) Isolation and
characterization of allelic losses and gains in colorectal tumors by arbitrarily primed

polymerase chain reaction. Proc. Nat. Acad. Sci. US. 89, 10065-10069.

Peterson, H.G., Boutin, C., Martin, P.A., Freemark, K.E., Ruecker, N.J. and Moody, M.J.
(1994) Aquatic phyto-toxicity of 23 pesticides applied at expected environmental

concentrations. Aquat. Toxicol. 28, 275-292.

Polne, M. and Gibor, A. (1982) The effect of high intensity UV radiation on benthic marine
algae. In: Calkins, J. (Ed.) The role of solar ultraviolet radiation in the marine ecosystems,

pp. 573-579. New York: Plenum.

Post, A. and Larkum, A.W.D. (1993) UV-absorbing pigments, photosynthesis and UV

exposure in Antarctica: Comparison of terrestrial and marine algae. Aqua. Bot. 45, 220-226.

Pridmore, R.D, Thrush, SF.,, Cummings, V.J. and Hewtt, J. (1992) Effect of the
organochiorine pesticide technical chlordane in intertidal macrofauna. Mar. Poll. Bull. 24, 98-

102.

Purcell, M., Leroux, G.D. and Carpentier, R. (1990) Atrazine action on the donor side of
photosystem II in triazine-resistent and -susceptible weed biotypes. Pest. Biochem. Physiol.

37, 83-89,

Pyle, J.A. (1997) Global ozone depletion: Observations and theory. In: Lumsden, P. (Ed.)
Plants and UV-B. Responses to environmental change, pp. 3-13. Cambridge: Cambridge

University Press.

Quaite, F.E., Sutherland, BM. and Sutherland, J.C. (1992) Action spectrum for DNA

damage in alfalfa lowers predicted impact of ozone depletion. Nature 358, 576-578.
Quaite, E.F., Takayagani, S., Ruffini, J. and Sutherland, B.M. (1994) DNA damage levels

determine cyclobutyl pyrimidine dimer repair mechanisms in alfalfa seedlings. The Plant Cell

3, 1635-1641.

246



Quesada, A. (1995) Growth of Antarctic cyanobacteria under ultraviolet radiation: UV-A
counteracts UV-B inhibition. J. Phycol. 31, 242-248.

Rau, W. and Schrott, E.L. (1987) Blue light control of pigment biosynthesis. In: Senger, H.
(Ed.) Blue light responses: Phenomena and occurrence in plants and microorganisms. Vol 1,

pp- 43-64. Boca Raton,Florida: CRC Press.

Raven, J.D. and Samuelsson, G. (1986) Repair of photoinhibitory damage in Anacystis
nidulans 625 (Synechococcus 5301): Relating catalytic capacity for, and energy supply to,
protein synthesis, and implications for P, and the efficiency of light-limited growth. New

Phytol. 103, 625-643.

Readman, ] W., Wee Kwong, L L., Grondin, D., Bartocci, J., Villeneuve, J.P. and Mee, L.D.
(1993) Coastal water contamination from a triazine herbicide used in antifouling paints.

Environ. Sci. Tech. 27, 1940-1942.

Regner, G. (1986) Herbicide interaction with photosystem II: Recent developments. Physiol.
Veg. 24, 509-521.

Reijnders, P.J.H. (1986) Reproductive failure in common seals feeding on fish from polluted

coastal waters. Nature 324, 456-457.

Reith, M. and Munholland, J. (1991) A hsp 70 homolog is encoded on the plastid genome of
the red alga Porphyra umbilicalis. FEBS Lett. 294, 116-120.

Ren, L., Huang, X.-D., McConkey, B.J, Dixon, D.G. and Greenberg, B.M. (1994)
Photoinduced toxicity of the three polycyclic aromatic hydrocarbons (Fluoranthene, Pyrene,

and Naphthalene) to the duchweed Lemna gibba L. G-3. Ecotox. Environ. Safe. 28, 160-171.

Renger, G., Voss, M., Graber, P. and Schulze, A. (1986) Effect of UV irradiation on the
different partial reactions of the primary processes of photosynthesis. In: Worrest, R.C. and
Caldwell, M.M. (Eds.) Stratospheric ozone reduction, solar ultraviolet radiation and plant

life, pp. 171-184. Berlin: Springer Verlag.

247



Renger, G., Volker, H., Eckert, HJ., Fromme, R. and Hohm-Veit, S. (1989) On the

mechanisms of photosystem II deterioration by UV-B irradiation. Photochem. Photobiol. 49,

97-105.

Ricketts, C. (1995) Statistical methods in bioloical research. A staff development course for
the department of biological sciences, University of Plymouth, Plymouth: University of

Plymouth.

Robberecht, R. and Caldwell, M.M. (1983) Protective mechanisms and acclimation to solar

ultraviolet-B radiation in Qenothera stricta. Plant Cell Environ. 6, 477-485.

Riidiger, W. and Lopez-Figueroa, F. (1992) Photoreceptors in algae. Photochem. Photobiol.
55, 949-954.

Rundel, R.D. (1983) Action spectra and estimation of biologically effective UV radiation.
Physiol. Plant. 58, 360-366.

Ruzycki, EM., Axler, R.P., Owen, C.J. and Martin, T.B. (1998) Response of phytoplankton
photosynthesis and growth to the aquatic herbicide Hydrothol 191. Environ. Toxicol. Chem.
17, 1530-1537.

Ryan, J.A. and Hightower, L.E. (1994) Evaluation of heavy-metal ion toxicity in fish cells
using a combined stress protein and cytotoxicity assay. Environ. Toxicol. Chem. 13, 1231-

1240,

Sadinski, W.J., Levay, G., Wilson, M.C,, Hoffman, JR., Bodell, W.J. and Anderson, SL.
(1995) Relationships among DNA adducts, micronuclei, and fitness parameters in Xenopus

laevis exposed to benzo(a)pyrene. Aqua. Toxicol. 32, 333-352,

Sagert, S., Forster, RM., Feuerpfeil, P. and Schubert, H. (1997) Daily course of
photosynthesis and photoinhibition in Chondrus crispus (Rhodophyta) from different shore
levels. Fur. J. Phycol. 32, 363-371.

248



Samson, G. and Popovic, R. (1988) Use of algal fluorescence for determination of

phytotoxicity of heavy-metals and pesticides as environmental-pollutants. Ecoftox. Environ.

Safe. 16, 272-278.
Sancar, A. (1994) Structure and function of DNA photolyase. Biochem. 33, 2-9.
Sancar, A. and Sancar, G.B. (1988) DNA-repair enzymes. Ann. Rev. Biochem. 57, 29-67.

Sanders, B.M. (1990) Stress proteins: Potential as multitiered biomarkers. In: McCarthy, J.F.
and Shugart, L.R. (Eds.) Biomarkers of environmental contamination, Boca Raton: Lewis

Publishers.

Sanders, B.M,, Hope, C., Pascoe, V.M. and Martin, L.S. (1991) Characterization of the
stress protein response in two species of Collisella limpets with different temperature

tolerances. Physiol. Zool. 64, 1471-1489.

Sanders, B.M., Pascoe, V.M., Nakagawa, P.A. and Martin, L.S. (1992) Persistence of the
heat-shock response over time in a common Myfilus mussel. Mol. Mar. Biol. Biotech. 1, 147-

154.

Sanders, B.M. (1993) Stress proteins in aquatic organisms: An environmental perspective.

Crit. Rev.Toxicol. 23, 49-75.

Sanders, B.M. and Martin, L.S. (1993) Stress proteins as biomarkers of contaminant

exposure in archived environmental samples. Sci. Total Environ. 139/140, 459-470.
Sanders, B.M. and Martin, L.S. (1994) Copper inhibits the induction of stress protein
synthesis by elevated temperatures in embryos of the sea urchin Strongylocentrus purpuratus.

Comp. Biochem. Physiol. 109C, 295-307.

Savva, D. (1996) DNA fingerprinrting as a biomarker assay in ecotoxicology. Toxicol. Ecotox.

News Rev. 3, 110-114,

249



Savva, D., Castellani, S., Mattei, N., Renzoni, A. and Walker, C.H. (1994) The use of PCR to
detect the genotoxic effects of environmental chemicals. In: Varnavas, S. P. (ed)

Environmental Contaminination. pp. 105-110. Edinburgh: CEP Consultants.

Say, P.J., Burrow, [.G. and Whitton, B.A. (1990) Enteromorpha as a monitor of heavy metals
in estuaries. Hydrobiologia 195, 119-126.

Scalan, C.M. and Wilkinson, M. (1987) The use of seaweeds in biocide toxicity testing. Part
I. The sensitivity of different stages in the hfe-history of Fucus, and of other algae to certain

biocides. Mar. Environ. Res. 21, 11-29.

Scarlett, A, Donkin, M.E., Fileman, T.W. and Donkin, P. (1997) Occurrence of the marine
antifouling agent Irgarol 1051 within the Plymouth Sound locality: Implications for the green

macroalga Enteromorpha intestinalis. Mar. Poll. Bull. 34, 645-651.

Schatz, G.H., Brock, H. and Holzwarth, A R. (1988) Kinetic and energetic model for the
primary processes in photosystem I1. Biophys. J. 54, 397-405.

Schild, R., Donkin, P., Donkin, M.E. and Price, D. (1995) A QSAR for measuring sublethal

responses in the marine macroalga Enteromorpha intestinalis. Environ. Res. 4, 147-154.

Schlesinger, M.J., Ashburner, M. and Tissieréres, A. (1982) Heat shock: From bacteria o
man, Cold Spring Harbor, New York: Cold Spring Harbor Laboratory.

Schlesinger, M.J., Santoro, M.G. and Garaci, E. (1990) Stress proteins. Induction and

Junction, Berlin: Springer-Verlag.

Schramm, W. (1972) The effects of oil pollution on gas exchange in Porphyra umbilicalis

when exposed to air. 8-12 August, pp.309-315. Japan: Saprono.

Sebastian, C., Scheuerlein, R. and Héder, D.P. (1994) Effects of solar and artificial
ultraviolet-radiation on pigment composition and photosynthesis in 3 Prorocentrum sirains. J.

Exp. Mar. Biol. Ecol. 182, 251-263.

250




Sgardelis, S., Cook, C.M., Pantis, J.D. and Lanaras, T. (1994) Comparison of chlorophyll
fluorescence and some heavy metal concentrations in Sorchus ssp. and Taraxacum spp. along

an urban pollution gradient. Sci. Total Environ. 158, 157-164.

Shibata, K. (1969) Pigments and a UV-absorbing substance in corals and a blue-green alga
living in the Great Barrier Reef. Plant Cell Physiol. 10, 325-335.

Shiels, W.E., Goering, J.J. and Hood, D.W. (1973) Crude oil phytotoxicity studies. In: Hood,
D.W., Shiels, W.E. and Keltey, E.J. (Eds.) Environmental studies of Port Valdez, pp. 413-
446. Fairbanks, Occasional Publ. Inst. Mar. Sci. Univ. Alaska.

Shimada, A. and Shima, A. (1998) Combination of genomic DNA fingerprinting into the
medaka specific-locus test system for studying environmental germ-line mutagenesis.

Mutation Res. 399, 149-165.

Silva, P.C. and Moe, R.L. (1994) Appendix: Taxonomic classification of algae mentioned in
the text. In: Lobban, C.S. and Harrison, P.J. (Eds.) Seaweed ecology and physiology, pp.
301-307. Cambridge: Cambridge University Press.

Sirois, D.L. (1990) Evaluation of protocols for the assessment of phytotoxicity. In: Wang,
W., Gorsuch, JW. and Lower, WR. (Eds.) Plants for toxicity assessment. STP 1091, pp.
225-234. Philadelphia, PA: American Society for Testing and Materials.

Sivalingam, P.M., Ikawa, T., Yokohama, Y. and Nisizawa, K. (1974) Distribution of a 334
UV-absorbing-substance in algae, with special regard of its possible physiological roles. Bot.

Marina 17, 23-29.

Smith, CM. and Alberte, R.S. (1994) Characterization of in vivo absorption features of
chlorophyte, phaeophyte and rhodophyte algal species. Mar. Biol. 118, 511-521.

Smith, G.M. (1947) On reproduction of some Pacific coast species of Ulva. Am. J. Bot. 34,
80-87.

251



Smith, R.C., Prezelin, B.B_, Baker, K.S., Bidigare, R R., Boucher, N.P., Coley, T., Karentz,
D., Macintyre, S., Matlick, H.A., Menzies, D., Ondrusek, M., Wan, Z. and Waters, K.J.
(1992) Ozone depletion - ultraviolet-radiation and phytoplankton biology in Antarctic waters.
Science 255, 952-959.

Smith, R.C. and Baker, K.S. (1979) Penetration of UV-B and biologically effective dose-rates

in natural waters. Photochem. Photobiol. 29, 311-323.

Smith, R.C. and Baker, K.S. (1989) Stratospheric ozone, middle ultraviolet radiation and

phytoplankton productivity. Oceanography 2, 4-10.

Solomon, S. and Schoeberl, M.R. (1988) Overview of the polar hole issue. Geophys. Res.
Lett. 15, 845-846.

Stapleton, A.E., Thornber, C.S. and Walbot, V. (1997) UV-B component of sunlight causes
measurable damage in field-grown maize (Zea mays L.). Developmental and cellular

heterogeneity of damage and repair. Plant, Cell and Environ. 20, 279-290.

Stebbing, A R.D. (1985) The effects os stress and pollution on marine animals, New York:

Praeger Scientific.

Steele, R.L. and Thursby, G.B. (1983) A toxicity test using life stages of Champia parvula
(Rhodophyta). In: Bishop, W.E., Cardwell, R.D. and Heidolph, B.B. (Eds.) Agquatic
toxicology and hazard assessment: Sixth Symposium. ASTM STP 802, pp. 73-89.
Philadelphia, PA: American Society for Testing and Materials.

Stengel, D.B. and Dring, M.J. (1997) Morphology and in sifu growth rates of plants of
Ascophyllum nodosum (Phaeophyta) from different shore levels and responses of plants to

vertical transplantation, Eur. J. Phycol. 32, 193-202.

Stolarski, R., Bloomfield, P., McPeters, R.D. and Herman, J.R. (1991) Total ozone trends
deduced from Nimbus 7 TOMS data. Geophys. Res. Lett. 18 1015-1018.

Stone, R. (1993) Ozone prediction hits it right on the nose. Science 261, 290

252



Stumm, W. and Morgan, J.J. (1981) Aquatic chemistry. An introduction emphasizing

chemical equilibria in natural waters, New York, USA: John Wiley & Sons.

Sullivan, J H., Teramura, A H. and Ziska, L. H. (1992) Variation in UV-B sensitivity in plants
from a 3000 m elevational gradient in Hawaii. Am. J. Bot. 79, 737-743.

Swanson, R V. and Glazer, A.N. (1990) Separation of phycobiliprotein subunits by reverse-
phase-high-pressure liquid chromatography. Anal. Biochem. 188, 295-299.

Talarico, L. (1996) Phycobiliproteins and phycobilisomes in red algae: Adaptive responses to
light. In: Figueroa, F.L., Jiménez, C. and Pérez-Llore'ns, J.L. (Eds.) Underwater light and
algal photobiology, pp. 205-222. Barcelona, Spain: Scientia Marina.

Taylor, R M., Tobin, AK. and Bray, CM. (1997) DNA damage and repair in plants. In:
Lumsden, P. (Ed.) Plants and UV-B. Responses to environmental change, pp. 53-76.
Cambnidge: Cambridge University Press.

Telfer, A. and Barber, J. (1994) Elucidating the molecular mechanisms of photoinhibition by
studying isolated photosystem II reaction centres. In: Baker, N.R. and Bowyer, JR. (Eds.)
Photoinhibition of photosynthesis from molecular mechanisms to the field. pp. 25-50.
Oxford: Bios Scientific Publishers.

Teramura, A.H. (1983) Effects of ultraviolet-B radiation on the growth and yield of crop
plants. Physiol. Plant. 58, 415-427.

Tevini, M., Teramura, A-H.,, Kulandaivelu, G, Caldwell, MM. and Bjérn, L.O. (1989)
Terrestrial plants, pp. 25-37, UNEP Environmental Effects Panel.

Tevini, M. and Pfister, K. (1985) Inhibition of photosystem-II by UV-B radiation. Z.
Naturforsch. 40C, 129-133.

Thursby, G.B., Steele, R.L. and Kane, M.E. (1985) Effect of organic-chemicals on growth

and reproduction in the marine red alga Champia parvula. Environ. Toxicol. Chem. 4, 797-

805.

253



Thursby, G.B., Anderson, B.S., Walsh, G.E. and Steele, R.L. (1993) A review of the current
status of marine algal toxicity testing in the United States. In: Landis, W.G., Hughes, J.S. and
Lewis, M.A. (Eds.) Environmental toxicology and risk assessment, Philadelphia: American

Society for testing and materials.

Thursby, G.B. and Steele, R.L. (1986) Comparison of shori-term and long-term sexual
reproduction tests with the marine red alga champa-parvula. Environ. Toxicol. Chem. S,

1013-1018.

Tietjen, K.G., Kluth, J.F., Andree, R., Haug, M., Lindig, M., Miiller, K.H., Wroblowsky, H.J.
and Trebst, A. (1991) The herbicide binding niche of photosystem II - A model. Pestic. Sci.
31, 65-72.

Toggweiler, J.R. (1993) Carbon overconsumption. Nature 363, 210-211,

Tolosa, 1., Readman, J.W., Blaevoet, A., Ghilini, S., Bartocci, J. and Horvat, M. (1996)
Contamination of Mediterranean (Céte d'Azur) coastal waters by organotins and Irgarol 1051

used in antifouling paints. Mar. Poll. Bull. 32, 335-341.

Trautinger, F., Kindasmugge, 1., Barlan, B., Neuner, P. and Knobler, R M. (1995) 72-kd
heat-shock protein is a mediator of resistance to ultraviolet-B light. J. Invest. Dermatol. 105,

160-162.

Trocine, R.P., Rice, I.D. and Wells, G.N. {1981) Inhibition of seagrass photosynthesis by
ultraviolet-B radiation. Plant. Physiol. 66, 74-81.

Tig, H. and Baumann, M.E M. (1994) Problems of UV-B radiation measurements in
biological research. Critical remarks on current techniques and suggestions for improvements.

Geophys. Res. Lett. 21, 689-692.
U.S.EPA. (1987) Risks to crops and terrestrial ecosystems from enhanced UV-B radiation.

In: Hoffman, J. (Ed.) Assessing the risks of trace gases that can modify the stratosphere, pp.
1-31. Washington, DC: U.S. Env. Prot. Agency.

254



Uhrmacher, S., Hanelt, D. and Nultsch, W. (1995) Zeaxanthin content and the degree of
photoinhibition are linearly correlated in the brown alga Dictyota dichotoma. Mar. Biol. 123,

159-165.

Van Coillie, R., Couture, P. and Visser, S.A. (1995) Use of algae in aquatic ecotoxicology.
In: Aquatic ecotoxicology, pp.487-502.

Van Grondelle, R., Dekker, J.P., Gillbro, T. and Sundstrom, V. (1994) Energy transfer and
trapping in photosynthesis. Biochim. Biophys. Acta 1187, 1-65.

Van Reensen, J.J.S. (1982) Molecular mechanism of herbicide action near photosystem II.

Physiol. Plant. 54, 515-521.

Vayda, M.E. and Yuan, M.-L. (1994) The heat shock response of an Antarctic alga is evident
at 5 °C. Plant Mol. Biol. 24, 229-233.

Vermaas, W.F.J., Renger, G. and Amtzen, C.J. (1984) Herbicide/quinone binding interactions
in photosystem 11. Z. Naturforsch. C39, 366-368.

Viarengo, A. and Nott, J.A. (1993) Mechanisms of heavy metal cation homeostasis in marine

invertebrates. Comp. Biochem. Physiol. 104C, 355-372.

Vierting, E. (1991) The roles of heat shock proteins in plants. Anru. Rev. Plant Physiol.
Plant Mol. Biol. 42, 579-620.

Vincent, W.F. and Roy, S. (1993) Solar ultraviolet-B radiation and aquatic primary

production: Damage, protection and recovery. Environ. Res. 1, 1-12.

Voytek, M.A. (1990) Addressing the biological effects of decreased ozone on the Antartic

environment. Ambio 19 (2), 52-61.

Walbot, V. and Cullis, C.A. (1985) Rapid genomic change in plants. Ann. Rev. Plant Physiol.
36, 367-396.

255



Wingberg, S. and Blanck, H. (1988) Multivariate patterns of algal sensitivity to chemicals in

relation to phylogeny. Ecotoxicol, Environ. Saf. 16, 72-82.

Warner, C.W. and Caldwell, M-M. (1983) Influence of photon flux-density in the 400 - 700
nm waveband on inhibition of photosynthesis by UV-B (280 - 320 nm) irradiation in soybean

leaves - separation of indirect and immediate effects. Photochem. Photobiol. 38, 341-346.

Watts, C.D. and Moore, K. (1988) Fate and transport of organic compounds in rivers. In:
Angeletti, G. and Bjoerseth, A. (Eds.) Organic micropoliutants in the aquatic environment,

pp. 154 Dordrecht, The Netherlands: Kluwer Academic Publishers.
Weaver, A.J. (1993) The oceans and global warming. Nature 364, 192-193.

Weiler, C.S. and Penhale, P.A. (1994) Ultraviolet radiation in Antarctica: Measuremants and
biological effects. Washington DC.: American Geophysical Union.

Weis, J.S. and Weis, P. (1989) Tolerance and stress in a polluted environment. Biosci. 39, 89-

85.

Welsh, J., Petersen, C. and McClelland, M. (1991) Polymorphisms generated by arbitrarily
primed PCR in the mouse: Application to strain identification and genetic mapping. Nucleic

Acid Res. 19, 303-306.

Welsh, J., Ralph, D. and McClelland, M. (1995) In: Innis, M. A, Gelfand, D. H. and Sninsky,
A. (eds.). PCR Strategies pp. 373. New York: Academic Press, Inc.

White, J.W., Neuwirth, H., Miller, C.D. and Schneider, ELL. (1990) DNA alterations in
prostatic adenocarcinoma and benign prostatic hyperplasia: Detection by DNA fingerprint

analyses. Mutation Res. 23, 37-43.

WMO (1994) Scientific assessment of ozone depletion. No. 37, Geneva: World Meterological
Organization Report pp. 205.

Wood, W.F. (1987) Effect of solar ultra-violet radiation on the kelp Ecklonia radiata. Mar.
Biol. 96, 143-150.

256



Wood, W.F. (1989) Photoadaptive responses of the tropical red alga Eucheuma striatum
schmitz (Gigartinales) to ultra-violet radiation. Aquatic Bot. 33, 41-51.

Worrest, R.C. (1982) Review of literature concerning the impact of UV-B radiation upon
marine organisms. In: Calkins, J. (Ed.) The role of solar ultraviolet radiation in marine

ecosystems, pp. 429-457. New York: Plenum.

Worrest, R.C., Smythe, K.D. and Tait, A M. (1989) Linkages between climate change and
stratospheric ozone depletion. In: White, J.C. (Ed.) Global climate change linkages, pp. 67-
77. New York: Elsevier Science Publishing Company Inc.

Worrest, R.C. and Héder, D.-P. (1989) Effects of stratospheric ozone depletion on marine

organisms. Environ. Conserv. 16, 261-263.

Wurgler, FE. and Kramers, P.GN. (1992) Environmental effects of genotoxins

(ecogenotoxicology). Mutagen. 7, 321-327.

Yu, M.H,, Glazer, AN, Spencer, K.G. and West, J.A. (1981) Phycoerythnins of the red algae
Calithamnion. Plant Physiol. 68, 482-488.

Zhou, J.L., Fileman, T.W., Evans, S., Donkin, P. and Mantoura, RF.C. (1996) Seasonal
distribution of dissolved pesticides and polynuclear aromatic hydrocarbons in the Humber

Estuary and Humber Coastal zone. Mar. Poll. Bull. 32, 599-608.

Zolzer, F. and Kiefer, J. (1989) Zellulare wirkungen der ultravioletten Komponente des

Sonnenlichts. Naturwissenschaften 76, 489-495.

Zidorf, 1. and Héder, D -P. (1991) Biochemical and spectroscopic analysis of UV effects in

the marine flagellate Crytomonas maculata. Arch. Microbiol. 156, 405-411.

257




