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Abstract 

This thesis examines the adaptations of Antarctic krill (Euphausia superba Dana) to 

ultraviolet radiation in terms of susceptibility, behavioural avoidance and the 

presence/utility of UV-absorbing mycosporine-like amino acids (MAAs). 

In order to test the susceptibility of krill to UVB (280-320 nm) radiation, groups of 

animals in laboratory tanks were irradiated with various light treatments in order to 

determine lethal dose and effect on generalised activity. It was found that krill were 

killed within 3 days (8 hours of irradiation per day) by levels of UVB radiation 

equivalent to that at 5-15 m depth in the Southern Ocean in Spring. UV A (320-400 

. nm) was. found. to have. no. more effect on mortality. and activity. than .visible. light 

(PAR, 400-700 nm) only. This showed that krill are remarkably susceptible to low 

levels of UVB radiation, and are therefore at risk given their photic zone habitat. 

The behaviour of krill in response to gradients of visible light (photosynthetically 

active radiation, PAR), ultraviolet-A (UVA) and ultraviolet-B (UVB) was examined. 

It was found that krill swim away from high intensities of UV A and PAR, moving to 

areas of low intensity, but that they appear insensitive to high levels of UVB 

radiation. In a vertical tank, irradiance from above with UV A, but not UVB or PAR, 

was found to cause krill to significantly increase their depth. I conclude that krill can 

detect UVA but not UVB. Although detection of UVA may indirectly signal the , ~ 

presence of invisible UVB radiation, the fact that the spring ozone hole allows more 

UVB radiation through relative to UV A radiation, means that this response may not 

be sufficient to alert krill to initiate behaviour to avoid harmful radiation. 

The source, location and function of UV -absorbing MAAs were examined. Krill 

were fed algae irradiated under different UV conditions, with the different MAAs 

produced serving as a biological marker. In addition to MAA analysis of UV-killed 

krill, it was found that krill acquire MAAs from dietary algae, and not by de novo 

synthesis. Analysis of different krill tissues showed that some MAAs are selectively 

accumulated in certain body parts - highest concentrations were measured in eye 

tissues, and asterina-330 was found only in the eyes. This concentration of UV

absorbing compounds in the eyes may aid in protection from UVB radiation, or may 

filter out UV A which can disrupt crustacean vision. 
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An analysis of MAAs in krill caught during a large-scale biological survey revealed 

that concentration of MAAs was not directly correlated with the abundance of 

sympatric algae in the upper lOOm suggesting, along with experimental data, that 

MAAs can be retained in tissues for long periods. This work also found that 

concentrations of MAAs decline as krill become larger, which may mean that 

susceptibility to UV changes with time. Variation of MAA concentrations along the 

survey also suggests that susceptibility also varies geographically, and is most likely 

influenced by abundance of phytoplankton. 

Krill fed on high-MAA diets did not appear to survive high UVB radiation any 

longer than those fed on low-MAA diets, although starved krill survived for a 

significantly shorter time than either. However, a diet high in MAAs seemed to 

reduce the detrimental effects of UVB radiation on activity. Further statistical 

analyses suggested a relationship between mortality and MAA concentration 

independent of feeding, specifically, survival time increased as concentrations of 

total MAAs and mycosporine-glycine:valine increased. 

It thus appears that Antarctic krill are equipped with a range of strategies to 

counteract the effects of ultraviolet radiation that penetrates to significant depths (20 

m and deeper) in Antarctic waters during spring. It is equivocal whether krill have 

been impacted by UVB radiation in the past, due to a lack of data on krill populations 

from periods before the onset of ozone depletion. However, it is likely that other 

environmental factors are of more immediate concern in terms of the observed 
' -~ 

variation in krill stocks. 
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Introduction 

1 Introduction 
Incorporating a review of the literature concerning 

-zooplankton-and-ultraviolet-radiation 

1.1 Antarctic krill 

The name "krill" was originally used to describe certain kinds of North Atlantic 

crustaceans by Norwegian whalers, and has come to describe members of the family 

euphausiacea, small shrimp-like pelagic marine crustaceans. There are 85 species of ,~ 

euphausiids worldwide, seven of which occur in Antarctic waters. These are 

dominated by the Antarctic krill, Euphausia superba, which grows to a length of 60 

mm (Figure 1.1). 

Figure 1.1. Antarctic krill, E'uphausia superba (Dana) 

The ecological importance of krill in the southern ocean is paramount. Krill are a key 

trophic link, the dominant primary consumer of phytoplankton, and are extremely 

abundant. As a result, most Antarctic vertebrates, such as whales, seals and penguins, 

depend on krill as a primary or secondary food source (Figure 1.2). During the 

Discovery voyages, Marr (1962) described krill's importance thus: "The 

astronomical abundance in which it exists and the key position it holds in the 

industry and ecology of the Antarctic seas is revealed by a review of the vast and 

catholic multitude of its predators." This "astronomical abundance" has led to the 

commercial fishing of krill by a number of nations, including Japan, Russia, Ukraine, 

Poland and Chile. Catches of krill peaked in 1981/82 with 530,000 tonnes 
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Introduction 

(Anonymous, 1995), but have declined considerably, most likely due to handling and 

processing problems. In 1989/90 the total catch for E. superba was 374,775 tonnes 

and the most recent recorded catch (1998/99) was 103,318 tonnes (Anonymous, 

2000). The present krill fishery is currently much lower than potential levels (Nicol 

& Endo, 1999). 

P hytop la nkton 
(diatoms) 

Basic life Whales 
laments (baleen) .. 

I 
I 
t 

Zooplankton 
(krill) 

I , 

Whales 
(sperm) .. 

Decomposing waste products and dead creatures 

Penguins 

I , 

I , 

Figure 1.2 Simplified food web diagram of the southern ocean krill-based ecosystem. 
(after Miller & Hampton (1989)) 
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Introduction 

There are still considerable gaps in our knowledge of the biology of krill, from 

swarm dynamics to over-wintering strategies. Much of this stems from the immense 

area over which krill occur, with their circumpolar distribution around the entire 

Antarctic continent. The standing stock of krill is difficult to calculate, due to 

discrepancies between hydroacoustic data and net surveys and the heterogeneous 

nature of krill populations. Estimates range from 55 to 7000 million tonnes (Nicol et 

al., In Press). It is imperative that confident measurements be undertaken before 

management decisions are made. 

Given the considerable ecological importance and numerical uncertainty of krill 

populations, the effects of over-fishing would be devastating (Miller, 1991). 

Therefore, in 1980 a management body to regulate fishing of krill and other 

commercial species was established. Currently known as the Commission for the 

- Conservation ·of Antarctic ·Marine Living· Resources· (CCAMLR); the commission is 

charged with setting catch limits for krill to ensure that they are utilised as a 

sustainable resource (Miller & Hampton, 1989). 

Despite considerable efforts to manage krill stocks before they are fully exploited, 

the uncertainties in krill biology and demographics are added to by uncertainty over 

the potential effect of high UVB on krill populations. This added factor is a key and 

extremely powerful motivation for examining the effect of UVB on krill.. 

1.2 A review of the 'lit"'erature concerning zooplankton and 

ultraviolet radiation 

The Antarctic ozone hole 

The depletion of stratospheric ozone is among the most serious ecological threats of 

the past thirty years. Mechanisms of ozone depletion have been known since the 

early seventies (Crutzen, 1970; Molina & Rowland, 1974), with evidence of serious 

depletion over the Antarctic revealed some years later (Farman et al., 1985). This 

depletion, especially over Antarctic regions, has led to seasonal increases in levels of 

ultraviolet-B radiation incident on the surface of the Earth (Roy et al., 1990). 
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Ultraviolet (UV) radiation has a range of wavelength-dependent, detrimental effects 

on marine biota (Smith & Baker, 1989). The ultraviolet spectrum spans from 15-400 

nm, and is arbitrarily divided into three broad bands, designated UV A, (320-400 

nm), UVB (280-320 nm) and UV-C (200-280 nm) (Harm, 1980; Smith & Baker, 

1979). UV A is a major component of sunlight and has importance in vision for 

certain species. UVB radiation is only partially absorbed by the atmosphere, and is 

the radiation associated with causing erythema, or skin burning. Radiation of a 

wavelength shorter than 296-7 nm does not reach the Earth's surface due to 

absorption by oxygen molecules; this includes all UVC radiation (Harm, 1980). 

The Antarctic ozone hole was first recognised as a seasonal phenomenon in 1984 by 

the British Antarctic Survey (Farman et al., 1985). Their measurements described 

reductions of as much as 40% depletion of column ozone over Antarctica during the 

austral spring of 1984, and further analysis of historical data presented evidence of 

seasonal depletion of ozone dating back to 1976. 

Factors affecting UVB irradiance over Antarctica 

The factors affecting the UVB climate over the Southern Ocean are many and varied. 

This is a partial list: 

Column ozone concentration. The amount of ozone present is dependent on 

atmospheric conditions over Antarctica, including low over-winter air temperatures 

and the polar vortex (Michael & Nunez, 1997). The borders of the ozone hole are not 

absolute, but are roughly concentric regions of gradually increasing concentration of 

ozone. Although the bulk of the hole is over the Antarctic continent, large regions of 

low-ozone atmosphere occur over the Southern Oceans. This is in addition to the 

observed global depletion in ozone over tropical, temperate and Antarctic regions. 

Cloud cover. Variation in cloud type, altitude and thickness can have a marked 

effect on UVB irradiance (Michael & Nunez, 1997; Nunez et al., 1997). 

Ice cover. The effect of ice on the UV climate is complex. By no means a complete 

shield, incomplete ice cover can actually increase UVB irradiance incident on ice

free areas due to reflection from surface ice up to low cloud, then reflecting back into 

ice-free leads at higher levels (Frederick, 1989; Frederick & Snell, 1988). The 

seasonal effect of ice cover has a marked influence on the behaviour of Antarctic 
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krill - it is thought that krill feed on the underside of krill during winter, emerging 

from this environment to feed on algae blooms seeded by the retreat of the pack ice 

during the spring melt (Hamner et al., 1983; Holm-Hansen & Huntley, 1984; 

Marschall, 1984). 

It can be seen that the intensity and composition of UV radiation that reaches the 

surface of the Earth is dependent upon many physical and climatic factors. The 

relationships between these factors have been modelled for cold regions by many 

authors (Choudbury & Chang, 1981; Dave & Halpern, 1976; Michael & Nunez, 

1997; Nunez et al., 1997; Wiscombe & Warren, 1980). The most recent of these, 

(Michael & Nunez, 1997; Nunez et al. 1997) uses neural networking models to 

simulate an area of the southern ocean by "teaching" a program what UVB climate 

may occur given a measured set of physical variables. Once taught, the network can 

predict the UVB climate based on satellite imagery. These new models and 

approaches are powerful predictive tools that bring together the many different 

--physical-and-climatic -factors-that-interact to for-the spring-ozone-hole. 

UVB radiation in the water column 

Until recently it was widely assumed that once UV radiation reached the surface of 

oceans, it was quickly absorbed in the top layers of the water column. Absorption of 

UVB radiation by ocean waters is heavily dependent upon wavelength, with shorter 

wavelengths absorbed most readily (Smith & Baker, 1979), and while this absorption 

is effective, the depth to which tJv penetrates has been profoundly underestimated. 

The first evidence of UV transmission in oceanic waters dates back to 1950 (Jerlov, 

1950) when it was shown that UVB radiation penetrates to at least 20 metres. Since 

then, considerable work on phytoplankton dynamics has shown that UVB and UV A 

can have a significant effect on primary productivity, while advances in technology 

have improved means of measuring UVB radiation. 

Karentz & Lutze (1990) used a DNA-repair deficient strain of Escherichia coli to 

demonstrate that harmful levels of UVB radiation were able to reach depths of 20-30 

m in Antarctic waters. Holm-Hansen et al. (1989) demonstrated that UVA radiation 

accounted for 75% of photosynthetic inhibition, and that UV suppressed 

photosynthetic activity down to depths of up to 15 metres. Gieskes & Kraay (1990) 
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observed that 1 % of surface UVB irradiance reached a depth of 60 m in the clear 

waters of the Weddell Sea. (Table 1.1). 

Table 1.1 Estimates of UV penetration in Antarctic waters from the literature. 

Reference 

Jerlov (1950) 

Holm-Hansen et al. (1989) 

Karentz and Lutze (1990) 

Gieskes and Kraay (1990) 

Smith et al. (1992) 

Prezelin et al. (1994) 

Marchant (1994) 

Estimate of depth 

Atleast20m 

Photosynthesis significantly 
depressed at 10-15m 

Biological effects at 20-30m 

> 10% of surface levels at 
30m (extrapolations suggest 
1%at60m) 

60-70m 

"ecologically significant 
depths" 

2.5% of surface levels at 
15m 

Comments 

First recorded examination of 
-UV-penetration 

Inhibition most likely due to 
UVA 

Used UV-repair deficient 
bacteria as bioassay 

Direct measurements, but 60m 
estimate is extrapolation based 
on broad band attenuation 
coefficient 

Part of Icecolors '90 
examination of primary 
productivity 

Measured in coastal waters off 
Davis station 

More recently, large-scale studies such as the Icecolors '90 program (Prezelin et al., 

1994) have suggested that UVB radiation is detectable at depths greater than 50 m in 
' ... 

Antarctic waters (Smith et al., 1992). These studies have all demonstrated that 

enough UVB radiation penetrates the water column to represent a significant 

environmental impact. As UVB irradiance rises during spring ozone depletion, it can 

be expected that this radiation will become more important as an environmental 

factor. 

The timing of the seasonal ozone depletion also has consequences for Southern 

Ocean ecosystems. During the period of maximum ozone depletion in austral spring 

(August to October), the waters of the Southern Ocean are extremely transparent due 

to a lack of dissolved and particulate materials, having just emerged from winter. 

Coupled with increasing solar angle, this leads to high UV penetration of Antarctic 

waters (Karentz, 1991). Thus, the depletion of ozone comes at the worst possible 

time from a biological point of view, when organisms have emerged from winter into 
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a clear ocean environment, and when levels of UVB irradiance under depleted spring 

ozone can be as high as those experienced in mid-summer (Karentz, 1994). 

One possible reason why the photobiology of zooplankton has been all but ignored 

until recently is the assumption that harmful levels of UVB radiation do not penetrate 

to significant depths. However, the data demonstrating UVB penetration of the water 

are strong enough to support the notion that near-surface zooplankton are subject to 

biologically significant doses of UV radiation, and in recent years, the study of UV 

effects on marine and freshwater biota has flourished (Beland et al., 1999; 

Kouwenberg et al., 1999a; Kouwenberg et al., 1999b; Newman et al., 1999; 

Tartarotti et al., 1999; Vetter et al., 1999). 

Biological effects of UVB radiation 

UVB radiation has long been known to cause detrimental effects in biological 

systems. These effects vary from causing skin cancers, damage to visual organs and 

disruption to photosynthesis and other biochemical processes. Many of these 

symptoms are due to damage to nucleic acids (Harm, 1980), the disruption of which 

can cause skin cancers or cellular mutations. The breakdown of DNA by UV 

radiation leads to the production of a range of photoproducts, including cyclobutane 

pyrimidine dimers (CPDs), 6-4 pyrimidine-pyrimidinone photoproducts and the 

Dewar pyrimidinone (Lyons et al., 1998; Sancar, 1994). These photoproducts, 
' ~ 

especiallyTPDs, can be used to assay the extent ofUV-induced damage to the-DNA 

strand (Mitchell et al., 1986). Also at risk are structural proteins and enzymes, which 

are inactivated by UVB radiation (Tevini, 1993). 

Phytoplankton, as the ocean's primary producers, form the base of ocean food webs. 

Their response to UVB radiation has been thoroughly reviewed by Worrest (1982; 

1983) and more recently by Hader et al. (1995). An Antarctic perspective is 

presented by Marchant (1994), who reviews the biological impacts of seasonal ozone 

depletion, concentrating on the effects of UVB on phytoplankton and organisms in 

the marginal ice-edge zone. Early measurements of marine productivity tended to 

ignore UVB radiation as an environmental factor, and many field experiments, 

knowingly or not, excluded UVB from the experimental design (Karentz, 1991; 

Lorenzen, 1979; Maske, 1984). 
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In the last twenty years UVB radiation has come to be considered a serious potential 

threat to the marine ecosystem. However, data on photobiology of key species before 

-the ozone hole was-discovered-are sparse.- Consequently,-it-is difficult to measure the 

effects of higher UVB irradiance without the baseline information required to 

observe changes. 

Community effects 

The prevalence of UV radiation incident on the oceans means that the complex food 

webs present in the marine environment are at risk from disruption by UV radiation 

(Worrest et al., 1978). It has always been assumed that the major effect of UV on 

marine ecosystems would be via primary producers. However, work by Bothwell et 

al. (1994), working on freshwater mesocosms, has shown otherwise. It was expected 

that the levels of UVB radiation over south-western Canada would inhibit the growth 

of freshwater algae. However, it was observed that chironomid larvae that grazed on 

the algae suffered far greater mortality than expected. This alleviation in grazing 

pressure allowed the algae to thrive, despite the presence of UVB radiation. During 

the experiments, algae protected from UVB radiation experienced enhanced grazing 

pressure. Traditionally, it was considered that the major effect of UVB radiation on 

grazing invertebrates was likely to be via their food source. However, the study 

shows that high UVB irradiance can be of short-term benefit to primary producers by 

reducing grazing pressure. This work has shown that the area of UV effects on 

communities is neglected. A more recent work that also examines the effect of UV . ~ 

on communities is Keller et al. (1997), who found that a marine ecosystem in a 

temperate coastal environment was not adversely affected by enhanced UVB 

irradiance. However, there are few other examples of work investigating the effects 

of UV at the community level, and this is a prime research opportunity as ozone 

depletion persists. 

Zoo plankton 

It has been known for some time that some arthropods, especially crustaceans, are 

sensitive to UV radiation (Menzel, 1979). However, until recently most of those 

species studied have been terrestrial organisms, due to the assumption that UV has a 

negligible effect in the oceans (Cronin et al., 1994 ). In addition, the bulk of the 
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research on UV and aquatic crustaceans has concentrated on the role of UV in vision. 

Cummins et al. (1984) showed the spiny lobster, Panulirus argus, to be 

photoreceptive at the UVA wavelength of 370 nm. Frank & Case (1988) established 

that several deep-sea crustaceans have photoreceptors sensitive to wavelengths of 

350 and 400 nm, both in the UV A part of the ultraviolet spectrum, and suggest that 

this sensitivity is important for improved visual acuity or the reception of 

bioluminescence. This kind of photoreceptive ability is thought to enhance contrast 

at low light levels and improve vision (Cronin et al., 1994). Although this observed 

sensitivity to UV is most likely not a direct response to high levels of UV radiation, it 

does suggest that some species of crustaceans are able to perceive changes in 

ambient UV, and may be able to alter their behaviour to avoid or reduce incident 

radiation. 

Considering the importance of zooplankton and krill in the Southern Ocean as 

primary consumers, it is surprising that there has not been more work examining 

their response to elevated DVB irradiance. It is interesting to note that the effect of 

UVB radiation on Antarctic krill (E. superba), a key species in the Southern Ocean, 

has only very recently been examined (Malloy et al., 1997; Newman et al., 1999). 

Bidigare (1989) conducted field experiments on the long- and short-term effect of 

ambient Antarctic UV and visible light on phytoplankton and ice algae pigmentation. 

Bidigare speculated on the possible effects of UV on the distribution of 

phytoplankton and zooplan~toq, listing future research directions, including the 

collection of UV action spectra for key species, wavelength-dependent flux of UV in 

the upper ocean, and depth-dependent distributions and residence times of Southern 

Ocean phytoplankton during austral spring. The suggestion is made that the high 

attenuation coefficient of the Southern Ocean during spring most likely precludes the 

possibility of UV-mediated damage. This has been contradicted by El-Sayed et al. 

(1990), who showed that phytoplankton pigments are damaged by ambient UV, and 

by Malloy et al. (1997), who showed that the DNA of natural populations of some 

zooplankton are damaged by Antarctic UVB radiation. Recently, Jarman et al. 

( 1999) showed that the structure of the krill genome has the lowest content of 

guanine-cytosine base-pairs yet found in the animal kingdom. This low GC% leads 

to a surfeit of adjacent (T)n arrays, that is, adjacent thymine base pairs. Since UVB 

radiation primarily damages DNA by converting (T)n arrays into cyclobutane 
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pyrimidine dimers, krill DNA is structurally more vulnerable to DVB-mediated 

damage than any animal that has so far been examined. There is clearly ample scope 

for further work on the effect of UVB radiation on trophic-level interactions, an area 

that has been neglected in the past. 

Mortality 

The study of lethal doses is an important aspect in the investigation of any 

environmental factor, especially one as potentially harmful as UVB radiation. 

Mortality is the simplest biological response to measure, and was first measured in 

relation to UVB radiation by Klugh (1929), who reported levels of tolerance in 

crustaceans and other organisms. Klugh examined the copepods Calanus 

finmarchicus and Aeginella longicomis, hatching embryos of the fish Lophius 

piscatorius, and the hydroid Tubularia crocea. The experiments examined the 

response of animals to ambient solar radiation, solar radiation with UVB 

wavelengths removed by filters, and solely UVB radiation. All species were found to 

suffer higher mortality under ambient UVB conditions than when UVB wavelengths 

were screened out. 

Almost fifty years later, Siebeck used similar methods to examine the ultraviolet 

tolerance of three Daphnia species, D. galeata gracilis, D. longispina, and D. pulex 

obtusa (Siebeck, 1978). The work showed that D. pulex was able to tolerate more 
' ~ 

radiation than D. longispina of a similar size. As well as vertical migration, Siebeck 

recognised that carapace colouring may play a role in ultraviolet toler~ce, and 

observed that D. pulex obtusa, with its light brown colour, has a darker colour than 

the largely translucent D. galeata and D. longispina. This research was motivated by 

observations of diel vertical migration in some marine animals, and sought to 

establish the lethal effect of UVB radiation on Daphnia. In that sense, the 

experiments highlighted ambient UVB radiation as an important environmental 

factor before the advent of Antarctic ozone depletion, and established aquatic 

photobiology as an important area of research. 

Karanas et al. (1979) examined the sensitivity of Acartia clausii to three different_ 

levels of UVB radiation, examining the mortality of all life stages. The data showed 

a general rise in UVB tolerance in successive developmental stages. Female adult A. 
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clausii were found to be more tolerant of UVB radiation than males. Fecundity also 

suffered, with the number of second-generation organisms per surviving adult also 

decreasing after exposure to UVB radiation. This finding led to an investigation of 

the fecundity of A. clausii as affected by UVB (Karanas et al., 1981 ), observing that 

increased UVB radiation significantly reduced both the fecundity and the survival of 

the copepod. 

The larvae of the northern anchovy, Engraulis mordax, were tested for their 

tolerance to both artificial and ambient solar UVB radiation (Hunter et al., 1981). 

Although no field studies were carried out, the work suggested that Engraulis larvae 

experience some UV stress in nature, especially those occurring near the surface. 

However, the authors claim that distribution and the seasonal nature of spawning is 

likely to minimise damage from incident UVB radiation, despite at the same time 

calculating that DVB-induced mortality accounts for a 13% drop in annual larval 

production. This proportion, although masked by other causes of mortality, was 

calculated to rise to 18% in the event of a 25% reduction of ozone. 

In a series of papers beginning in 1980, Darnkaer et al. examined the effects of UVB 

radiation on activity, development and mortality of various Northern Pacific 

zooplankton species. Damkaer et al. (1980) examined the tolerance of six 

zooplankton species to elevated UVB radiation. They found that the reactions among 

the species were quite similar, and that short exposures at high intensities can result 

in similar effects to longer ex.posures at much lower intensity, a finding described as 

"an important concern of future investigations". This similarity is most likely due to 

a similarity in total dose of UVB radiation. The general conclusion of the work is 

that both mean and median daily levels of solar UVB irradiance exceeded the total

dose threshold. This is of special interest in that the total dose-threshold is exceeded 

under ambient UVB irradiance in the Northern Pacific, and not under the ozone

depleted conditions of the Southern Ocean. If one assumes that the levels observed in 

Puget Sound are natural, one might assume that Southern Ocean species are under a 

greater risk of harmful exposure to UVB radiation. 

Darnkaer et al. ( 1981) incorporated the results of Darnkaer et al. (1980) into a study 

showing that there exists a threshold for both total UVB dose (the total amount of 

energy incident on the organism) and dose-rate (the rate at which the dose is 

administered over time). These parameters are important because for the same total 
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dose, a lower dose-rate may allow photorepair of DVB-mediated damage. This 

second study concluded that accurate predictions of the biological effects required 

knowledge of both the total observed dose and the dose-rate. 

An important point made ·by Damkaer et al. {1980) is that, although the euphausiids 

studied have certainly demonstrated their ability to actively and passively adjust their 

depth, whether this depth adjustment is made as a response to UV stress is unknown. 

This question was explored in Damkaer & Dey (1983), who investigated UVB

mediated damage and photoreactivation potentials in the larval shrimp Pandalus 

platyceros and the adult euphausiid Thysanoessa raschii. In addition to confirming 

earlier work on shrimp larvae (Damkaer et al., 1981), the study showed that adult 

euphausiids successfully avoided moderate UVB irradiance combined with visible 

light, but were attracted to and killed by high levels of UVB when in combination 

with low levels of visible light. 

The three papers referred to above, together represent one of the most thorough 

examinations of euphausiid photobiology yet published. Amongst the key findings 

was that Thysanoessa raschii was unable to detect and respond to UVB radiation 

unless at fatal levels. This has important ecological consequences for the species. It 

remains to be seen whether other important marine primary consumers, including E. 

superba, are similarly unable to detect UVB radiation. 

It is interesting to note that this work was undertaken before the Antarctic ozone hole 

was observed, when the motivation behind work of this kind was the thinning of 

ozone over temperate and tropical regions, and not over the Antarctica and the 

Southern Ocean. Thus, prior to 1985, general conclusions on the effects of ozone 

depletion on aquatic animals are likely to be conservative. 

Copepods have proven to be a popular research animal for work on UVB radiation 

and zooplankton. Ringelberg et al. (1984) examined the lethal effects of UVB on 

pigmented and non-pigmented Acanthodiaptomus denticornis from two French lakes. 

The authors found that under ambient UVB irradiances the red pigmented morphs 

had a greater tolerance to UV than the translucent morphs. The study also examined 

the relative photoreactivation abilities of each morph, that is, the extent to which 

mortality decreases if the animals are exposed to high intensity photosynthetically 

active radiation (PAR) immediately after exposure to UVB radiation. Surprisingly, 

the photoreactivation potentials of each polymorph were found to be similar. 
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Some recent work on zooplankton and UV radiation is directed at the effects of 

short-term irradiation on freshwater plankton communities in North American lakes. 

Although ozone depletion over the North American continent is far less severe than 

that over Antarctica, UVB irradiances adjusted with a DNA weighting spectrum 
< 

(Green et al., 1974) are thought to be increasing by 20% a decade (Madronich, 

1992). Thus, the effect of UVB radiation on lake species has also received some 

attention. 

The survival of freshwater zooplankton in eutrophic and oligotrophic lakes was 

examined by Williamson (1994). C?rnmon species from each type o~ lake were 

irradiated with UVB wavelengths. The results showed that, for clear, oligotrophic 

waters, UVB radiation may prevent some species of plankton from exploiting surface 

waters during summer stratification. This suggests that UVB is capable of changing 

seasonal species composition, at least on a small, lacustrine scale. 

This work was followed up by Williamson et al. (1996), who modelled the 

attenuation of UVB radiation in lakes. Williamson et al. suggest that 1 % of incident 

UVB radiation can penetrate lakes to depths of up to 4 metres, although this 

penetration is heavily dependent on concentrations of dissolved organic carbon 

(DOC). In some areas of North America, 75% of lakes are turbid enough to allow 

only 1 % of surface UVB irradiance to depths of 50 cm. Organisms at greater depths 

are not likely to come under UV stress. This suggests that, at least for North 

American lakes, factors affecting DOC such as climate, hydrology and acid . _ _,. 

deposition may be more important than stratospheric ozone depletion in determining 

the UV climate of the lake. 

The effect of UVB radiation on the survival of Antarctic krill in the laboratory was 

examined by Newman et al. (1999), who found that mortality of captive krill 

maintained under lights was greatly enhanced by addition of low levels of UVB 

radiation. The highest levels used were analogous to those measured at 5-10 metres 

depth. This finding of high rat~s of mortality is tempered by the observation that krill 

maintained under high PAR light also eventually died, while those maintained in 

darkness survived. This is most likely an artifact of the long period of captivity 

experienced by the krill. 

The most sustained research effort into the effect of UVB radiation on zooplankton 

was described in the three papers by Damkaer and his colleagues (Damkaer & Dey, 
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1983; Damkaer et al., 1981; Damkaer et al., 1980) and the two by Williamson et al. 

(Williamson et al., 1996; Williamson et al., 1994). The depauperate literature on 

such a basic effect as mortality is indicative of the assumptions surrounding the study 

of zooplankton and UVB, such as the belief that the effect of UV on zooplankton 

will be via effects on primary producers, and not via direct effects. Enough data on 

UV penetration of the water column and susceptibility of certain species exist to 

question these assumptions. 

Response to UV-mediated damage 

There are three main types of response to damage due to UV radiation. These can be 

classified as follows: 

Avoidance behaviour (vertical migration); commonly, species will increase their 

-··depth-in-the water column;· allowing-the natural attenuation -in -the water- column -to 

drastically reduce the dose of UV to pelagic organisms. 

Photoprotective compounds (usually mycosporine-like amino acids); species 

accumulating such DVB-absorbing compounds are afforded some protection from 

harmful radiation. 

Photorepair mechanisms; under certain light conditions, some organisms are able 

to self-repair damaged DNA. 

The extent to which organisms display these responses varies according to species 

and habitat, although none of the responses are mutually exclusive. Of the response 

mechanisms, it is vertical migration that has received the most research effort. 

Photoprotective compounds have been studied extensively in phytoplankton, 

although less so in the zooplankton, and mechanisms of DNA photorepair, at least in 

zooplankton, have received little attention. 

Avoidance behaviour (vertical migration) 

Diel vertical migration (DVM) is a commonly observed phenomenon in zooplankton, 

and consists of a deliberate variation of a species' depth in the water column in 

response to some biological or environmental factor. DVM as a photobiological 
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factor has been well reviewed by Forward (1988), who suggested, perhaps rather 

naively, that plankton can somehow "sense" UV and avoid it by going deeper. 

However, the actual mechanisms of UV perception have not been examined. 

There are many selective advantages of DVM behaviour, many which seem to be 

dependent upon the community structure of the environment. Some benefits include: 

Avoidance of high solar radiation; The attenuation of solar radiation in the water 

column means that species lower in the water column will receive far less solar 

radiation than those in surface waters (Bollens & Frost, 1990; Kubota, 1981). 

Avoidance of visual predators during daylight hours; The higher light levels 

present in surface waters allow more effective feeding by visual predators. A species 

occurring deeper in the water column may be protected from a predator that requires 

light to hunt (Gliwicz, 1986). It is also possible that the reverse situation may also 

occur; a species may be afforded some protection if it rises to surface waters, away 

from predators hunting at depth. 

Exploitation of different food sources at different depths; An organism remaining 

at the same depth constantly is only able to exploit food resources at the same narrow 

range. Vertical migration allows a species to feed at different depths. 

The most common form of DVM is known as nocturnal migration and occurs when 

the species reach their minimum depth between sunset and sunrise. For this reason, 

early biologists assumed that this behaviour was triggered solely by high levels of 

light. However, the inverse of this behaviour is observed, and is known as "reverse 

migration" (Forward, 1988). Another, less commonly observed forms of DVM is 

twilight migration, where the species rise lo minimum depth that begins near sunset. 

A midnight sink occurs later during the night, followed by a rise approaching sunrise, 

and a drop to daylight depths. 

The fact that many species can use different types of DVM is a complicating 

element, and suggests that DVM is a complex behaviour, respondent to many 

different internal and external factors. It is the relative importance of each of these 

factors that determines which DVM strategy is the most advantageous. For example, 

work on the vertical migration of euphausiids has repeatedly shown that they 

commonly ascend to surface waters during daytime, and aggregate in huge numbers 

at depths at which UVB radiation has been shown to have significant biological 
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effects (Everson, 1983; Godlewska & Klusek, 1991; Kubota, 1981; Marin et al., 

1991; Marr, 1962). 

The study of the effects of light on plankton migration goes back for over a century, 

and has been reviewed by many different authors (Cushing, 1951; Forward, 1976; 

Russell, 1927). The most recent review was that of Forward (1988), who examined 

DVM with special reference to photobiology. Although it is generally accepted that 

light is the major factor affecting DVM, there are many other factors that can have a 

profound affect on the type and magnitude of DVM, or even if it occurs at all 

(Forward, 1976). Other exogenous factors include salinity, temperature (Gerritsen, 

1982), oxygen (Forward, 1988) and hydrostatic pressure (Sulkin, 1984). It is 

extremely unlikely that a high level of incident UV is one of these factors, unless the 

species in question is one that can detect radiation in the ultraviolet spectrum. 

Evidence such as that from Bollens & Frost (1990) suggests that unless species can 

specifically detect a form of radiation, there will be no response to it. This may be 

cause for concern, as the lack of detection suggests that there can be no possible 

avoidance response to harmful UVB radiation. 

This potential harm is mitigated by the fact that many species display diel migration, 

with the depth achieved during the day allowing some protection from harmful 

radiation. However, it has been shown on numerous occasions that for many species, 

vertical migratory behaviour is not as simple as a basic day/night depth cycle. Some 

species, such as Antarctic krill (E. superba), have been observed to form immense 
' _ _, 

swarms extremely close to the surface of the water (Hamner et al., 1983; Kalinowski 

& Witek, 1980; Marr, 1962). Such behaviour can place keystone species at depths at 

which UV penetration is great, although concurrent schooling behaviour may limit 

the dosage by individual shading. 

Another complicating factor is the tendency of animals such as krill to occasionally 

feed on algae that exists on the undersurface of sea ice (Eicken, 1992; Horner et al., 

1992; Legendre et al., 1992; Smetacek et al., 1990; Spindler, 1994). This behaviour 

guarantees proximity to the surface. It has also been shown that UV radiation can 

penetrate sea ice to a certain extent (Frederick, 1989; Frederick & Snell, 1988), 

suggesting that organisms feeding beneath sea ice are also at risk from elevated 

springtime UVB irradiance. However, the extent to which krill feed under the ice is 

---unknown: (Hanmeret·al:; 1983) 
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The assumption that vertical migratory behaviour will protect all zooplankton from 

UVB radiation applies only to species whose migration takes it out of the 

considerable range of UVB in the water column. For other zooplankton species, 

which may only display DVM for part of the year, or only under certain conditions, 

the question of whether UVB radiation has a detrimental effect is far more complex, 

and deserves attention. 

Photoprotective compounds 

It has been known for some time that certain compounds found in marine organisms 

have the ability to absorb UVB radiation. These compounds have the generic name 

of mycosporine-like amino acids (MAAs) (Figure 1.3). Mycosporines were first 

isolated from the mycelia of sporulating fungi and most have strong absorption peaks 

at around 310-360 nm. The general structure of a mycosporine is a cyclohexenone 

chromophore linked to a nitrogen substituent of an amino acid or amino alcohol 

(Arpin & Bouillant, 1981; Favre-Bonvin et al., 1976). It has been shown on many 

occasions that mycosporines and similar compounds have a high capacity to absorb 

harmful UVB radiation. This ability has been demonstrated in fungi (Brook, 1981), 

and is suggested to be the case in cyanobacteria (Jokiel & York, 1982), coral (Dunlap 

& Chalker, 1986; Ishikura et al., 1997; Teai et al., 1997) and dinoflagellates (Vernet 

et al., 1989). MAAs are common in many marine animals, and are widespread at all 

latitudes (Karentz et al., 1991bJ. 

There are a wide variety of MAA-like compounds. Karentz et al. (199lb) undertook 

a survey of Antarctic marine organisms, examining the identity and quantity of any 

MAAs present. Fifty-seven species were surveyed, including 48 invertebrates, 8 

algae and 1 fish. Only six of the species were plank.tonic, with the rest either 

intertidal or subtidal. All but 5 of the species contained MAAs. E. superba and the 

intertidal amphipod Pontogeneia were the only species that possessed all eight of the 

··measured MAAs·.··For the invertebrates,- the highest concentrations-of MAAs· (in· µg g-

1 dry wt) were observed in near-surface species, including the mollusc Limacina 

helicana (2903 µg g-1
) and in the crustaceans Calanus propinquus (1465 µg g-1

) and 

E. superba (1401 µg g-1
). Although the results are highly variable, results from 

animals from near-surface environments suggest that a high concentration of body 
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MAAs may protect against UVB radiation penetrating surface waters. There is no 

indication in the rest of the data of whether MAAs are more common in intertidal or 

subtidal organisms, although it appears that the few plank.tonic species analysed 

generally possessed more MAAs than intertidal or subtidal organisms. 
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Figure 1.3 Structure of mycosporine-like amino acids (after Karentz et al. 199lb) 

In order to maximise the protective ability of MAAs, one might speculate that they 

would be partitioned in different areas throughout the body, in areas of particular 

vulnerability, such as the eyes and gonads. The broad taxonomic scale of the survey 

described above means that the location of MAAs in the body of each organism is 

not known. There is clearly an opportunity to examine the partitioning of MAAs in 

species such as Antarctic krill. If MAAs were localised in areas in the body that 

received higher doses of UVB radiation, it would give a greater insight into the 

adaptive significance of MAA accumulation by organisms that do not produce it 

naturally. 
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MAAs were also observed by Gleason & Wellington (1993) in the planktonic larvae 

of Agaricia agaricites. Differences in mortality between specimens occurring at 

different depths were found to correlate with body concentrations of MAAs. In 

general, specimens from greater depths had few MAAs, and suffered high mortality 

when maintained nearer the surface. 

Photoreactivation 

Most organisms have the capacity to self-repair DNA strands that have been 

damaged by UVB radiation. There are two primary DNA repair systems: photo

enzymatic repair (PER), or "light repair" is carried out by the enzyme photolyase, 

which uses light from the UV A band (320-400 nm) as a source of energy, and 

nucleotide excision repair (NER), or "dark repair", which is not dependent on light, 

uses multiple proteins and preferentially repairs 6-4 pyrimidine-pyrimidinone and 

Dewar pyrimidinone photoproducts (Sancar, 1994). In addition to differing over the 

exact means of repair, these two mechanisms also differ in their relative efficiency. 

Dark repair systems can repair a high proportion of damage caused by relatively low 

doses of irradiation, whereas light repair systems more consistently repair dama_ge 

over a far wider range of UVB doses (Damkaer & Dey, 1983). 

The few papers describing these twin repair mechanisms in zooplankton have shown 

them to be of significant importance. Damkaer & Dey (1983) examined the potential 

for DNA photorepair, or photoreactivation in larval shrimp Pandalus platyceros, and 

the adult euphausiid Thysanoessa raschii, finding that while the total dose of UVB 

radiation applied to an organism is critical, it is also important to consider the rate at 

which the dose is given. Dose reciprocity, whereby high dose-rates over short 

periods are equal in effect to low dose-rates over long periods, is complicated by 

photorepair of UV-damaged DNA strands. A high dose-rate will cause damage at a 

greater rate than the repair capacity of DNA photorepair systems, while a low dose

rate allows ample time for repair to take place. Thus, knowledge of the dose-rate is 

extremely important in any examination of the effect of UV radiation and the 

effectiveness of subsequent photorepair. 

Malloy et al. (1997) examined the occurrence of cyclobutane pyrimidine dimers 

(CPDs) as an indication of damage to DNA in species of Antarctic zooplankton. 
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Amongst the species collected from the field were icefish larvae ( Chaenocephalus 

aceratus), annelids, chaetognaths and some transparent polychaete larvae. Malloy 

and his colleagues also examined three other zooplankton species under laboratory 

conditions. Larvae of two teleost fish (Notothenia coriiceps and C. aceratus) and 

adults of Antarctic krill (E. superba) were observed to have high levels of CPDs 

following exposure to UVB radiation in the laboratory. In addition, these species 

were also found to have a high capacity for light-mediated photoenzymatic repair of 

damaged DNA strands, suggesting that species with eggs and larvae in the water 

column during austral spring, such C. aceratus and E. superba, have tlie highest 

capacity for PER, while N. coriiceps, which spawns during austral autumn and 

winter, show reduced rates of PER. 

The relative importance of all three mechanisms (avoidance, photoprotectants, DNA 

photorepair) was examined by Zagarese et al. (1997), who examined three species of 

freshwater copepods. Using the mortality of the animals as a measure of UV effect, 

they showed that different species used different methods to avoid UV-induced 

mortality. Boeckella gracilipes, which occurs at considerable depth, appeared to rely 

totally on avoidance (vertical migration), and showed no UV-absorbing compounds 

(photoprotectants) nor any capacity for DNA photorepair. The other species, B. 

gibbosa and B. brevicaudata, used combinations of photoreactivation and 

photoprotectants. This study was the first to examine all three means of UV response 

in the same set of experiments, and showed that mechanisms to deal with UV are 

complex and highly dependent on species and their habitat. 

The future of zooplankton photobiology 

One of the most important discoveries in terms of the ecological effects of UV 

radiation occurred by accident, during a study of the effect of removing UV radiation 

from a freshwater mesocosm experiment (Bothwell et al., 1994). The results of this 

study suggest that over long periods, UV radiation may affect many trophic levels 

(Culotta, 1994). Until this work, it was widely assumed that DVB-mediated effects 

on primary and secondary consumers would be via changes to their food source, and 

not by direct effects. There is now ample stimulus for work examining the effect of 

UVB radiation on trophic interactions. This work will require a great deal of baseline 

information on the response of zooplankton to UVB. 
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Such baseline information is only just beginning to appear. Malloy et al. (1997) 

presents the first direct evidence that increased UVB irradiance in nature may 

damage marine zooplankton. This important work is the first of what will 

undoubtedly become a growth area in photobiology; the study of the effects of high 

UV on heterotrophs and consumer organisms. While laboratory studies are 

important, it is more important to continue to sample in natural UV conditions. The 

results describing field-collected zooplankton are more relevant than the laboratory 

studies of photorepair to the final question of UV effects on zooplankton. The next 

step should be the further quantification of lethal and non-lethal effects, including 

behaviour in key species such as E. superba, and determination if such species are 

likely to come under increased UVB radiation during austral spring. 

There is still a great need for basic information on the response of key species to 

UVB radiation, be it a mortality, health or behavioural responses. After collection of 

such basic data, the results need to be validated under field conditions, to relate 

laboratory results to natural situations. Exposure of an organism to UVB radiation is 

attenuated by a great many factors, including water clarity (attenuation coefficient), 

residence time at different depths, cloud cover, sun angle, air quality and season. It is 

clearly difficult to simulate these factors in a laboratory environment. 

Therefore, a further tool in the examination of UV exposure is the construction of a 

mathematical representation of the UV climate of an area at risk from seasonal ozone 

depletion such as the Southern Ocean. A climate model, such as that of Nunez et al. 
' ., 

( 1997) is an invaluable tool in determining if certain species are at risk of high 

exposure to UV radiation. Results of modelling could be combined with 

dose/response data from laboratory work to predict whether species are at risk from 

high UVB irradiance. However, it is vitally important that findings based on 

laboratory experiments or mathematical simulations be tested in the field, in order to 

determine whether zooplankton species are under UV stress in nature. 

Any new information on UV and zooplankton in isolation will not lead to greater 

understanding of Southern Ocean ecology without experiments designed to examine 

the interactions of key species. While a species cannot be treated as a separate, 

isolated entity, detailed information is required on key species in order that their role 

in the community can be evaluated. Once information such as this has been collected, 

along with information on the response of key species to UVB radiation, the next 
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stage of experimentation may involve the construction of mesocosm enclosures in 

·-order to examine the effect of UVB radiation-on community-structure~ -Bothwell ·et- al. 

(1994) have shown that UVB can affect the trophic interactions within freshwater 

microcosms in unexpected ways. Experiments of this kind might aid prediction of the 

effects of ozone depletion on marine ecosystems. 

To date, most data has come from small-scale laboratory and field experiments. Only 

one study has attempted to link the effect of ozone depletion to the observed decline 

in krill recruitment over the past twenty years. Naganobu et al. (1999) correlated 

several environmental variables with krill stocks, including strength of westerly 

winds, sea ice cover and chlorophyll a concentration, but found the best correlation 

between declining krill recruitment and destruction of total column ozone at 

FaradayN emadsky station. The authors suspected that "ozone depletion impacts 

directly and/or indirectly on the variability in krill density" (Figure 1.4). 

This is the only study of its kind dealing with ozone depletion as it affects planktonic 

organisms. However, the paucity of ecological data from periods prior to ozone 

depletion mean that the observed decline in krill numbers can just as easily be 

attributed to other factors, such as changes in sea-ice area, or increased krill fishing 

activity in the Antarctic peninsula study area. Combinations of factors act in complex 

ways, for example, high sea-ice cover will almost completely prevent UVB radiation 

from penetrating into the water. Naganobu et al. do, however, recognise that the 

situation must be clarified by long-term experiments, and suggest that the question of ., 

UV effects on surface zooplankton such as krill is important enough to justify 

research in this area. 

Conclusions 

The mechanisms of depletion of stratospheric ozone and the atmospheric factors 

involved in the Antarctic ozone hole are now well understood. However, the 

biological effects of the resulting increase in UVB irradiance are many and complex. 

Part of the complexity comes from the dynamic nature of the ozone hole and the 

resulting variation in UV flux. The ozone hole is strictly seasonal, although highly 

variable between seasons, but is suggested to be a temporary environmental problem. 

The prediction that the ozone hole is not permanent alleviates some of the initial 
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concern expressed over ozone depletion. However, it will be well into the next 

century before political measures to halt CFC production positively affect the ozone 

hole, assuming all the various diplomatic protocols are honoured (WMO, 1994), and 

assuming there are no other large-scale atmospheric disturbances such as the 

volcanic eruption of Mt. Pinatubo (Hoffman et al., 1995). 

Karentz (1991) suggests that most damage that can be done by enhanced DVB 

irradiance has already begun. If this is the case, and if there are to be up to five more 

decades of elevated DVB radiation, it is impossible to say how much damage this 

will cause. It is, however, fair to predict that the final result of increased DVB 

radiation is likely to be changes in species composition rather than the collapse of 

krill, fish and whale populations that was once feared (El Sayed et al., 1990). 

This kind of prediction highlights the major problem with research into UV 

photobiology, in that no data exist to describe the response of ecosystems to UV 

radiation before ozone hole events began to occur (Karentz, 1991 ), although attempts 

have been made to examine this retrospectively (McMinn et al., 1994; Naganobu et 

al., 1999). As a result, while it is possible to track the formation and destruction of 

the ozone hole in great detail, it is not possible to make any comparisons between the 

present health of a species or ecosystem, and its status before the ozone hole began to 

appear. Despite this problem, the emphasis on research in the Southern Ocean is 

justified by the proximity to the highest levels of ozone depletion. Antarctic waters 

can be highly productive, and any disruption to this productivity due to factors such 
' ., 

as DVB radiation may have unforeseen effects on adjacent oceanic systems. 
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Figure 1.4 Effects of global and regional climatic variation on krill density. 

Black arrows indicate cause and effect between parameters, excluding ozone 
depletion. Grey arrows indicate cause and effect with ozone depletion as the 
starting point. Figure and legend adapted from Naganobu et al. (1999). 

In conclusion, the effects of UVB radiation on phytoplankton have been extremely 

well studied and, as primary producers, they fully deserve this attention. But this 

emphasis has led to the assumption that the greatest effect on higher trophic levels 

will be via their food source (Voytek, 1990). Recent work has challenged this 

assumption (Bothwell et al., 1994), and led to renewed interest in the field of 

zooplankton and UV photobiology. There is now a great opportunity for research _ 

into the direct effects of UVB radiation on zooplankton, which will shed light on the 

ecological effects of ozone depletion. 
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1.3 Potential risk of DVB-mediated damage in krill 

Krill are at potential risk of damage for a number of reasons: 

1. The surface swarming habit of krill puts them in the upper photic zone (Hamner 

et al., 1983), well within the range of UVB penetration (Gieskes & Kraay, 1990). 

2. Krill feed occasionally on blooms of algae "seeded" by receding sea ice (Hamner 

et al., 1983; Holm-Hansen & Huntley, 1984; Marschall, 1984). This takes place 

in spring, when UVB irradiance is at its most enhanced and the water is clear 

following winter (Prezelin et al., 1994). 

3. Krill breed near the surface during summer (Ross & Quetin, 1983). Although the 

ozone hole has dispersed by summer, high UVB irradiance is common due to 

higher solar irradiance (Roy et al., 1990). 

4. The multi-year life span of krill means that the animals may subject to repeated 

spring seasons of high UVB irradiance, with the possibility of accumulated 

damage to their DNA (Malloy et al., 1997). 

This potential for risk has been highlighted in the past by Bidigare (1989). It was not 

until Malloy et al. (1997) found evidence of DNA damage in pelagic zooplankton in 

Antarctica and examined rates of DNA repair in krill, that interest in the potential 

impact of UVB radiation on krill was examined again (Jarman et al., 1999; Newman 

et al., 1999) , ., 

1.4 Aims of this study 

This thesis describes a number of different experiments with a similar theme - the 

effects of ultraviolet radiation on Antarctic krill. The experiments fall into three 

broad categories. The first examines the basic tolerance of krill to UV radiation, and 

involves the irradiance of krill, measuring their activity and survival under UVB 

radiation. This work is described in Chapter 2. 

The second line of research examines the behavioural reaction of krill to various 

wavelengths of ultraviolet and visible light, observing horizontal and vertical 
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movement, and applying this to what is known of the natural habit of krill. This work 

is described in Chapter 3. 

The third section examines the role of UV-absorbing mycosporine-like amino acids 

in krill and the algae on which they feed. Experiments on the acquisition of these 

compounds by krill is described and discussed in Chapter 4. The abundance and 

identity of MAAs in krill caught during a large-scale biological survey provided 

some information on the MAA complement of krill in the wild. The results of this 

survey is described in Chapter 5. The location of MAAs within krill is examined, 

which gives insight into variation in tissue affinity of some MAAs. This work is 

described in Chapter 6. Building on methods developed in previous chapters, the 

protective nature of MAAs is examined in Chapter 7, which investigates the effects 

of high concentrations of MAAs in krill in ameliorating the effect of UV on activity 

and mortality. 

Results from these chapters are summarised and discussed to reveal how krill cope 

with enhanced UV from both the ozone hole and increased solar irradiance during 

spring and summer, and whether enhanced UV may be cause for concern in the 

future (Chapter 8). 

The two appendices outline pilot studies and method development protocols that 

allowed for routine analysis of MAAs in chapters 3-6. Appendix 1 described a pilot 

study of the effect of UV A, UVB and PAR on the MAA content of Phaeocystis 

antarctica, the species chosen as feed for krill. Appendix 2 describes in detail the 

method used to calibrate the HPLC equipment and prepare quantified standards 

Combined, these chapters and appendices discuss whether krill are affected by high 

ultraviolet not only due to ozone depletion, but high UV present in solar radiation in 

spring and summer. Such potential for impact has important implications for the 

future management of krill populations. 
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2 Susceptibility of Antarctic krill to ultraviolet 
radiation 

This work was published as: 

Newman, S. J., Nicol, S., Ritz, D. A. & Marchant, H.J. 1999. Susceptibility of 

Antarctic krill (Euphausia superba Dana) to ultraviolet radiation. Polar Biology 

22:50-55 

Abstract 

We irradiated captive juvenile Euphausia superba in the laboratory with lower than 

spring surface levels of ultraviolet-B (UVB), ultraviolet-A (UV A) and 

photosynthetically active radiation (PAR) in order to examine their response in terms 

of mortality and generalised activity. Levels of PAR 3-5 times below surface 

irradiance caused krill to die within a week, while animals in the dark survived. 

Addition of UVB radiation typical of depths up to 15 metres were found to 

significantly accelerate mortality and lead to a drop in activity in all experiments. A 

drop in activity in krill exposed to UV A wavelengths was evident without an 

increase in mortality. The protein content of animals from various treatments was 

found not to vary. 
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2.1 Introduction 

Rising levels of ultraviolet-B (UVB, 280-320 run) radiation due to stratospheric 

ozone depletion are of concern to scientists and policy-makers mainly due to the 

detrimental effects of UVB radiation on organisms (Karentz, 1994; Marchant, 1994). 

UV radiation (UVR) affects natural systems in a variety of ways, including inhibition 

of photosynthesis, RNA and DNA damage, membrane damage and photo-oxidative 

disruption of cell structure and function (Harm, 1980). This diversity of effects and 

responses to them is problematic, as it is difficult to ascertain which effect is most 

detrimental to the overall fitness of both the cell and the whole organism. However, 

some studies suggest that the effects of UV radiation on ecosystems is minimal, and 

. may not be.significant.McMinn et-al. (1994).suggested.thatincreasing. UV has.had 

no effect on Antarctic diatoms over the past twenty years, while Keller et al. (1997) 

showed that 100% enhancement of UVB radiation had no significant effect on 

coastal marine trophic levels during a winter-spring bloom. 

Ozone depletion is at its highest over Antarctic regions, and for this reason much 

research has centered on the effects of enhanced UVB irradiance on the Southern 

Ocean. UVB is the most harmful type of UVR to reach the surface of the Earth, and 

damaging irradiances have been observed to penetrate to biologically significant 

depths in the sea (Gieskes & Kraay, 1990; Holm-Hansen et al., 1989; Karentz & 
' _, 

Lutze, 1990; Marchant, 1994; Smith et al., 1992). Considerable research has 

investigated the effect of UVB radiation on phytoplankton, which is justified by the 

ecological importance of primary producers at the base of the Southern Ocean 

trophic web. However, comparatively little work has been performed on the effects 

of UV on primary consumers among the zooplankton (Bidigare, 1989). 

Most experimental study of the effect of UV on zooplankton has focused on small 

animals, such as copepods (Williamson et al., 1994; Zagarese et al., 1997) and larval 

shrimp (Damkaer et al., 1981; Damkaer et al., 1980) and has used mortality as a 

measure of the effect of UVB radiation. By using such small animals, any more 

subtle and cryptic effects could be overlooked. The direct effects of UVB radiation 

on larger pelagic crustaceans such as Antarctic krill (Euphausia superba) have not 
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been studied, although other euphausiids have attracted some study (Damkaer & 

Dey, 1983; Damkaer et al., 1981; Damkaer et al., 1980). 

While mortality is a useful measure of effect, other sub-lethal effects of UVB 

radiation are probably more realistic in nature for highly mobile animals such as 

krill. It is therefore pertinent to investigate the effect of such doses on the biology of 

the animal. Gleason et al. (1995), used protein assays to assess sub-lethal damage to 

larvae of the coral Agaricia agaricites, and found differences in protein content 

between different exposures to UV. 

Antarctic krill is a key species in the Southern Ocean ecosystem, and is the target of 

a substantial fishery (Nicol & Endo, 1999). It is a voracious consumer of 

phytoplankton and, at times, other zooplankton, and is itself a major prey item for 

higher trophic levels (Bidigare, 1989). If increased UVB radiation due to ozone 

depletion is· having some detrimental effect on the· krill population, consequential 

effects on both upper and lower trophic levels are likely. Reported research on UV

damage to Antarctic krill has been limited to studies of DNA damage and repair, 

with no work on physiological effects. This paper presents the first evidence that the 

mortality of juvenile Antarctic krill is accelerated by comparatively low levels of 

UVB radiation. 

2.2 Materials and methods 
' __, 

All experiments were conducted at the Australian Antarctic Division laboratories 

during October-November, 1997. We designed and constructed a chilled-water 

aquarium (Figure 2.la-b). The system used a thermostatic heater and two water 

chilling units to maintain 400 L of filtered sea water at 0°C. The temperature in all 

areas of the experimental tank remained stable at 0.5°C (:f: 0.1°C). New water was 

used for each experiment and fifty litres were replaced each day during the 

experiments. A.C.E. ammonia/chloride eliminator formula (Aquamaster) was added 

(20 ml for every 100 L) in order to remove ammonia from the system. 

The total broadband light intensity in each treatment (apart from the dark control), 

and therefore the heat output from the tubes, was approximately equal. The tank was 

divided into five isolated compartments. There was no mixing of water between 
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adjacent compartments. Black plastic sheet also isolated the light climate of one 

compartment from another. 

lrradiance source 

t • Watermlets(10) t 
I 

...... ~ ................. ~~.::..X!!:~.~~!!'!~ ........................... . 
! I I Dimensions: 2.4 m x 0.5 m x 0.3 m 

l/ 
/ 

SOL 

collection 

tank 

Insulated nalgene tubing 

WA"" 
UMI. 

1 
200L 
chiller 

tank 

§ Ee 
Pump 

b) Pump 

TO COLLECTION TANK 

MULTIPLE OUTLETS >100 

-----L----· 
Tank sections separated by custom-built white plastic 
partitions and shaded from adjacent light treatments 

with black plastic. 

WATER INLETS - FROM CHILLING TANK 

Figure 2.1 Diagram of chilled water aquarium. 
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Fluorescent tubes were chosen as sources of UVB, UV A and PAR. UVB was 

supplied by Philips 20W 'TL' RS Medical UVB tubes. UV A was supplied by 20W 

NEC black lights, while 18W and 20W Osram Wattsaver cool white tubes supplied 

PAR. The UVB tubes were covered in Grafix™ cellulose acetate film in order to cut 

out UV radiation of wavelengths lower than 293 nm. The filters were replaced after 

each experiment, which on average involved under 50 hours of UVB irradiation. 
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Nine rows of fittings, each consisting of 4 x 600 mm 20 W fluorescent light fittings 

were constructed to hang by chain above the experimental tank. 

Five separate light treatments, including darkness, were used. Instantaneous levels of 

irradiation were measured at the water surface with a Solar Light PMA-2100 

radiometer fitted with "UVBIO" (erythemally weighted UVB sensor), UVA and 

PAR sensors (Table 2.1) and were approximately 2-5 times lower than ambient noon 

levels measured at Palmer station during November and December of 1993 and 1994 

(Helbling et al., 1996; Karentz & Lutze, 1990). 

A photoperiod of 8hrs on, 16hrs off was used to approximate the total dose. The 

three rows of PAR lights were turned on one row at a time, every 10 minutes, in 

order to minimise photoshock to the krill, and turned off in the reverse order. The 

UV A and UVB lights were turned on with the first PAR lights. Treatments for each 

experiment were arranged in a Latin square design, such that effects due to the shape 

of the tank were minimised. 

The krill were collected during March 1997 from near Casey station, Antarctica 

(65°S, l 10°E). For each of the three experiments, 25 krill (mean length 23.5 mm) 

from the krill aquarium at the Australian Antarctic Division (Kingston, Tasmania, 

Australia) were transferred to two white plastic buckets containing 20 litres of 

filtered seawater at 0°C and starved for a day to allow clearing of the gut, and 

prevent fouling of the system. Five similar sized animals were placed in each of the 

five partitions and left in dai;kness for a day to allow the animals to adjust to their 

new environment. The animals were checked every two hours. Dead krill were 

immediately removed and stored at -86°C for later analysis. Krill that survived the 

experiment were similarly stored. The experiment lasted for 148 hours. 

During periods of irradiation, animals were scored for activity between a scale of 0 to 

3, where; 

0 - no movement 

1 - pleopod movement slow but present 

2 - regular, strong movement of limbs movement of limbs 

3 - animal swimming 
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Table 2.1 Light treatments used in experiments. 
All units in W m ·2 

UVB 
irradiance UVA PAR 

Treatment (unweighted) irradiance irradiance Total irradiance 

Palmer, noon, highest 
33.5 28 287 290 

(approx.) 

Palmer, noon, lowest 
1 14 71 72 

(approx.) 

High UVB 0.918 (± 0.06) 5.73 (± 0.09) 24.30 (± 0.17) 30.948 (± 0.21) 

LowUVB 0.378 (± 0.03) 5.23 (± 0.19) 24.90 (± 0.15) 30.51 (± 0.95) 

UVA, PAR 0 5.01 (± 0.21) 24.33 (±0.19) 29.34 (± 0.82) 

PAR 0 0 33.83 (± 1.09) 33.83 (± 1.09) 

Dark 0 0 0 0 

Observations were made after 1, 4 and 7 hours of irradiation. In order to score dark 

animals, a faint, indirect light source was used to see the animals in order to keep 

disturbance to a minimum. Care was taken not to illuminate the krill directly. Since 

individual krill could not be identified or partitioned into separate enclosures, mean 

activity score was used to estimate the activity of the five krill. 

l rl 

Following the experiment, three frozen krill from each light treatment were measured 

for body length using Standard 1, which is the length from the tip of the rostrum to 

the end of the tail (Kirkwood, 1982), then freeze dried. Samples were fully digested 

in O. lM NaOH at 60°C for 12 hours, then assayed for protein using a BIO-RAD DC 

Protein assay (catalogue number 500-0111). Colorimetric determinations were made 

using a GBC scanning spectrophotometer set to 750 nm. Results were processed by 

repeated-measures analysis of variance using StatView 4.5 for the Macintosh. 

2.3 Results 

A High UVB or Low UVB component in light decreased survival of Antarctic krill, 

relative to UV A+PAR, PAR and Dark treatments (Figure 2.2). Analysis of variance 
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showed that survival times for the High UVB treatments were significantly lower 

than the Dark, UVA/PAR and PAR treatments (Table 2.2). This difference was 

observed in all three experiments. Although mean survival rates for the High UVB 

treatment were consistently lower that the Low UVB treatment (Figure 2.2) no 

significant difference was observed (Table 2.2). Experiments 2 and 3, and the whole 

dataset showed significant differences between the Low UVB treatment and both the 

UV A,P AR and Dark treatments. Experiment 3 and the whole dataset also showed 

significant differences between the Low UVB and PAR treatments. UV A appeared 

to have no effect on survival of the krill. 

Table 2.2 Results of ANOV As for treatment and survival time (using Fishers PLSD). 

Bold and underlined probabilities indicate a significant difference between 
treatments 

~ ~ ~ .:.: g ~ 
.:.: .... .... .:.: .:.: 

~ <II <II ~ p Q .... .... Q ~ <II <II 

~ I I ~ i:Q i:Q ~ 
Q Q 

..... 5 g g ~ 
Treatment $ $ p 8 ~ ..:l ..:l 

Experiment A .1171 .0231 .0148 .0037 .4428 .3393 .1326 .8468 .4428 .5636 

Experiment B .1493 .0017 .0066 <.001 .0463 .1414 .0005 .5594 0593 .0174 

Experiment C .4631 .0069 .0052 .0014 .0273 .0209 .0059 .9062 .5951 .6823 

Whole .0859 ~ <.001 <.001 .0094 .0067 .0008 .9040 .5435 .6319 

Dataset 

Figure 2.3 shows survival of krill as a function of time, illustrating the effect of UVB 

exposure and the lack of difference between the UV A,P AR and PAR treatments. 

Figure 2.3 also illustrates the consistently high survival rate .of krill in darkness. 

Treatment had a significant effect (p <0.0001) on mean activity (Figure 2.4), with the 

DVB-exposed krill showing the lowest levels of activity. Krill kept in darkness 

appeared to be most active, although faint illumination was necessary to score their 

behaviour. Fisher's PLSD showed all treatments except high and low UVB showed a 

significant difference. Differences between PAR and UV A (p = 0.022), and UV A 

and Low UVB (p = 0.0093) were only weakly significant, with both failing the 
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Bonferroni/Dunn test. Protein content varied between 39-46%, but did not vary 

according to treatment (p=0.966) or experiment (p=0.7459). 
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Figure 2.2 Mean survival time of individual krill under different light treatments 

Note: 80% animals S\Jrvi,ved dark treatment in all experiments. 40% animals 
survived PAR treatment during experiment 3. Bars represent± standard error. 

2.4 Discussion 

We have found that in the laboratory, Antarctic krill are extremely susceptible to 

levels of UV irradiation equivalent to those that penetrate to depths of up to 10 

metres in clear Antarctic waters, and that krill are also intolerant to PAR. Adding 

UVA wavelengths appeared to have no effect on mortality. Survival of the animals in 

darkness was always far greater than those under lights, suggesting that light of any 

wavelength causes the animals to die faster than those kept in darkness. PAR and 
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UVA treatments both reduced activity, and addition of UVB wavelengths caused 

further reductions. Protein content was found not to vary between treatments. 

That UVB radiation increases mortality in krill is not surprising, although the levels 

of UV required to achieve this effect, 2-5 times below ambient noon surface levels, 

appear to be quite low (Table 2.1 ). Doses and dose-rates used by Dam.kaer et al. 

(1981; 1980) to induce mortality in shrimp and crab larvae were equivalent to or 

lower than those used in this study. 
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Figure 2.3 Mean % survival of krill under different light treatments for all experiments 

UVB treatments also included PAR and UV A. Bars represent± standard error. 

No comparable work on UVB radiation and Antarctic krill mortality and activity has 

been reported, although there has been work on Thysanoessa raschii, a northem

hemisphere euphausiid (Damkaer & Dey, 1983; Damkaer et al., 1981; Damkaer et 

al., 1980). This absence is mainly due to the assumption that the major effect on 

zooplankton populations would be indirect due to disruptions in their phytoplankton 
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diet (Culotta, 1994). However, Malloy et al. (1997) showed that icefish eggs and 

other near-surface Southern Ocean zooplankton are damaged by ambient UVB 

irradiance in Antarctic waters. While krill were not included in this part of their 

study, it is not unreasonable to speculate that they, and other species of near-surface 

zooplankton may also experience DVB-mediated damage. Jarman et al. (1999) 

recently found that the krill genome is extremely low in G-C (guanine-cytosine) base 

pairs. This implies that krill DNA may be susceptible to DVB-mediated damage due 

to the abundance of DVB-sensitive T-A (thymine-adenine) base pairs. However, 

Malloy et al. (1997) showed that krill have comparatively quick and efficient DNA 

repair mechanisms, which may compensate for this potential susceptibility. 
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Figure 2.4 Mean activity score of krill under different light treatments 

Bars represent ± standard error. 
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Our observations of activity of krill under lights showed reduced levels of activity 

compared with krill in the dark, and activity was further depressed by the addition of 

UV wavelengths. It is interesting to note that UV A (320-400 nm) appears to have no 

detrimental effects on krill survival, although it has an effect on activity of the same 

animals. UV A is not regarded as harmful to animals, although it is thought to be 

responsible for most inhibition of photosynthesis (Holm-Hansen et al., 1993). UV A 

··radiation is-more commonly detected-by-animals than UVB-(Brown & Anderson, 

1996; Cronin et al., 1994; Fleishman et al., 1993; Tovee, 1995), and there is recent 

evidence that krill can perceive light at UV A wavelengths (Quetin et al., 1998). In 

this case it appears that the krill activity is reduced in some way by UV A. It is 

difficult to say whether this response is behavioural or physiological. However, UVB 

radiation suppresses activity even more than does UV A, although krill do not appear 

to respond behaviourally to UVB radiation (Newman et al. Submitted data). 

It is worth noting that although knowledge of the lethal dose of UV is important, data 

on doses and dose-rates responsible for sub-lethal effects offer a more realistic 

picture of the possible effects of UV on natural zooplankton populations. With this in 

mind, it was originally hypothesised that protein content in krill would decline as a 

result of UV irradiation. Such an approach has previously been used successfully by 

Gleason & Wellington (1993) to assay the effects of UV on planula larvae from the 

coral Agaricia agaricites. In the present work however, the lack of variation in 

protein content between UV-killed and surviving krill suggests that it was not 

destruction of protein that caused mortality. It is questionable whether such a short 

exposure time would have a significant effect. Also, while UVB radiation is known 

to damage DNA, it is highly unlikely that such disruption would cause death so 

quickly and so consistently. Therefore, of all the known mechanisms of UVB

mediated damage, the most likely cause of death in the exposed krill was disruption 

of membranes and tissues and disruptions in vital biochemical processes (Harm, 

1980). 

The captive nature of the krill used could possibly be increasing their mortality. The 

animals used for all experiments had been in captivity since March 1997 in near-total 

darkness before their use in these experiments. Maintaining them in darkness has 

been found to increase their long-term survival in captivity (S. Nicol, Pers. Comm.). 

This may have made the krill more sensitive to all wavelengths of light than freshly 

37 



Effect of UV on mortality 

captured animals. It is therefore important to realise that while laboratory 

experiments cannot show if these krill are under UV stress in nature, they can give an 

indication of the likely effects of UVB exposure, and any behavioural or 

physiological mechanisms that krill may have to reduce their UV dose to non

significant levels. 

Although the natural photoperiod in Antarctica over spring and summer is 

considerably longer than the 8 hours used in this experiment, it was estimated that a 

shorter photoperiod might account for factors such as cloud cover and solar zenith 

angle, which would act to reduce incident UV radiation. The result of using this 8-

hour photoperiod was a more realistic total dose. 

There are also undersea environmental factors that may reduce the amount of UVB 

radiation penetrating to depths in the water column. These factors include increased 

albedo due to a rough water surface, ice cover, attenuation by algae blooms, shading 

by other krill and presence of UV-absorbing compounds. Even taking these factors 

into account, measurements of UV penetration in the Weddell Sea have shown that 

under conditions of high water clarity, "'10% and more" Of surface UVB radiation is 

observed at 30 m (Gieskes & Kraay, 1990). Using midrange broadband attenuation 

coefficients (0.15 m-1 for upper 5 m, 0.1 m-1 for 5-25 m) and using the highest and 

lowest observed noon irradiance from the NSF UV monitoring station at Palmer 

Station for November-December, 1993 & 1994 (from Helbling et al. (1996)), we 

estimate that our High UVB, trej:ltment corresponded to a depth range of 5-10 metres, 

while the Low UVB treatment corresponded to a depth range of 13-18 m. This 

surface layer well within the photic zone is deep enough to include a significant 

proportion of the krill of the Southern Ocean. However, these "simulated depths" 

implied by irradiance levels and attenuation coefficients should be approached with 

caution, as shorter wavelengths are more readily attenuated in the water column, a 

factor not always included in broadband attenuation coefficients. All these factors 

may reduce doses and dose-rates of UV. While spring and summer in Antarctica are 

the time of highest water clarity, high incident UV and lower cloud cover, the daily 

dose of a single krill in a surface swarm cannot yet be reliably estimated. 

Unlike many species of zooplankton that vertically migrate during the night to feed, 

krill are unusual in that their migratory patterns often do not follow any diel rhythm 

(Loeb & Shulenberger, 1987). A krill swarm will move to the surface to feed, usually 
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at night, but swarms are sometimes observed at the surface during the day (Marr, 

1962). It is these animals that are at most risk from high UVB radiation. 

The finding that krill die when exposed to PAR is surprising given krill's surface 

habit (Everson, 1983; Kalinowski, 1978; Kalinowski & Witek, 1980; Kubota, 1981; 

Nast, 1979). However, it is highly probable that krill at the base of a swarm will 

receive only little PAR and even less UV A and UVB. 

The recent discovery that ozone depletion begins earlier in the spring than first 

thought has given new impetus for this kind of research (Roscoe et al., 1997). The 

next experimental step should be field-based measurements of UVB dose at various 

depths in areas likely to be inhabited by krill. Measurements of UVB, UV A and PAR 

penetration within a krill swarm would be especially useful, although this may be 

difficult to achieve. Field studies involving enclosures of large numbers of krill -

constrained in near-surface waters would answer many questions. Extension of the 

work begun by Malloy et al. (1997) to include krill from surface waters would also 

be useful in evaluating whether krill suffer DNA damage. Although DNA damage 

may be a poor indicator of whole-animal response, it would at least resolve whether 

krill receive biologically significant amounts of UVB radiation. 
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3 Effect of ultraviolet and photosynthetically active 
radiation on behaviour of Antarctic krill 

This work was submitted for publication as: 

Newman, S. J., Ritz, D. A. & Nicol, S. (Submitted) Behavioural reactions of 

Antarctic krill (Euphausia superba Dana) to ultraviolet and photosynthetically active 

radiation. Submitted to Journal of Plankton Research 

Abstract 

We used horizontal and vertical aquarium tanks to examine the behavioural 

responses of Antarctic krill to photosynthetically active radiation (PAR) and 

ultraviolet (UV) radiation. Groups of animals were exposed to different levels of 

radiation and to gradients of radiation and their mean position in the tanks recorded 

photographically. 

Results from the horizontal tank (length 2.4 m) showed that krill move from areas of 

exposure to high levels of UV A (320 nm - 400 nm) to areas of low exposure. In 

addition, krill moved from areas of high exposure to PAR to areas of low exposure. 

There was no observed reaction to UVB (280 nm - 320 nm) wavelengths. 

Krill in the vertical tank (height 1.5 m) were evenly distributed throughout the tank 

when exposed to both high and low levels of PAR. Addition of UV A wavelengths 

caused krill to significantly increase their depth in the tank, presumably to areas of 

lower irradiance. Addition of UVB radiation had no effect on the mean position of 

krill in the tank. We discuss the implications of these findings and how the "ozone 

hole" may not affect krill's natural reaction to solar radiation. 
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3.1 Introduction 

Stratospheric ozone depletion has led to enhanced ultraviolet-B radiation over 

Antarctic regions (Karentz, 1994; Marchant, 1994). The most profound effects of 

ultraviolet radiation (UV) on natural systems are detrimental. These effects include 

photosynthetic inhibition, RNA and DNA damage and membrane destruction (Harm, 

1980). Of the UV spectrum, UVB (280-320 nm) is the most harmful type of UV to 

reach the surface of the Earth. UV A (320-400 nm) is less harmful than UVB, 

although it is suggested that it may have the most inhibitory effect on photosynthesis 

(Holm-Hansen et al., 1993; Holm-Hansen et al., 1989). 

Compared to phytoplankton, few studies have examined the effects of environmental 

UV radiation on zooplankton. Zooplankton are a key intermediary in energy transfer 

and nutrient regeneration in marine food chains (Banse, 1995). The effects of UV 

radiation on zooplankton were examined in the early to mid-1980s following initial 

concerns about ozone depletion (Damkaer et al., 1980; Hunter et al., 1982; Karanas 

et al., 1981; Ringelberg et al., 1984). After a decade of little research activity, 

investigation of the effects of increasing UV radiation on pelagic zooplankton has re

emerged for examination in tropical marine (Saito & Taguchi, 1995), freshwater 

(Bothwell et al., 1994; Siebeck et al., 1994; Zagarese et al., 1998), mid-latitude 

marine (Chalker-Scott, 199~; Kouwenberg et al., 1999b; Naganuma et al., 1997) and 

Antarctic ecosystems (Malloy et al., 1997; Newman et al., 1999). 

It was initially assumed that UV radiation does not penetrate deep enough in the 

water column to damage pelagic organisms (Bidigare, 1989). Substantial evidence 

has since shown that biologically effective radiation can penetrate to at least 20 

metres in clear waters (Gieskes & Kraay, 1990; Holm-Hansen et al., 1989; Karentz 

& Lutze, 1990; Marchant, 1994; Smith et al., 1992), and thus has the potential to 

affect a substantial portion of the euphotic zone. 

Some zooplankton commonly undergo vertical migration, in which organisms occur 

deeper during daytime in response to biological or environmental factors (Forward, 

1988). Vertical np.gration is an effective behavioural r~sponse that results in 

avoidance of high solar radiation, because of rapid attenuation of solar radiation by 

the water column (Bollens & Frost, 1990; Kubota, 1981). However, there is much 
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regional, interspecies and ontogenetic variation in the extent and mode of this 

behaviour (Forward, 1988). 

Antarctic krill (Euphausia superba) is a key species in the Southern Ocean. It is a 

voracious primary consumer of phytoplankton, an extremely common prey item for 

higher trophic levels and the target of the region's largest fishery (Nicol & Endo, 

1999). Adult krill are nektonic animals found mainly in the top 200 m and their 

planktonic larvae may spend considerable time in surface layers. Recently, work on 

Antarctic krill has shown them to be particularly susceptible to DNA damage and 

mortality due to UVB radiation (Jarman et al., 1999; Newman et al., 1999). Krill can 

form massive surface swarms measuring many hundreds of square metres during day 

and night (Everson, 1983; Godlewska & Klusek, 1991; Kubota, 1981; Marin et al., 

1991; Marr, 1962). Thus there is potential for damage by UV radiation. Krill are also 

observed to undergo diel vertical migration, but this is highly variable (Miller & 

Hampton, 1989). Although Nakamura (1973) correlated the densest surface swarms 

with the darkest nights, many incidents of surface swarming have been observed 

during daylight (Kubota, 1981; Ozawa et al., 1968; Shust, 1969) although these 

authors note that these swarms occurred during subdued light. In addition, 

observations by Marr (1962) and El Sayed & Hampton (1980) also reported that 

surface swarming can occur across a wide range of light intensities and sea 

conditions (Miller & Hampton, 1989). It would appear that krill regularly occur in 

waters that may be susceptible to increased UVB irradiance as a result of the ozone 

hole. However, krill are active swimmers, and are therefore able to avoid 

unfavourable conditions. 

These experiments were designed to examine whether krill actively avoid UVB 

radiation. We present results of experiments examining the behaviour of Antarctic 

krill in horizontal and vertical gradients, in response to UV A, UVB and visible light. 

In doing so we describe a possible mechanism of indirect avoidance of harmful UVB 

radiation, and why ozone depletion may reduce its effectiveness. 
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3.2 Materials and methods 

Collection and maintenance of krill 

On 2 April 1999, approximately 500 Antarctic krill were collected from 64° 17'' S, 

105° 38" E, near Casey Station, Antarctica, using a RMT-8 net (rectangular mid

water trawl net, mouth area 8m2
) and maintained in tanks aboard RSV Aurora 

Australis. On 21 April the krill were transferred to holding tanks at the Australian 

Antarctic Division, Kingston, Tasmania. 

Krill were maintained in a high-capacity biofilter system operating at 0°C (± 0.5°C) 

for five months, on an occasional mixed diet of Geminigera cryophyllum , 

Phaeodactylum tricornutum and Pyramimonas sp .. Salinity was 33 parts per 

thousand(± 1.0 ppt). A mortality rate of approximatelyl0% occurred within 10 days 

of transfer to the aquarium, however, mortality rates subsequently remained low 

(<1 % per week) 

Horizontal aquarium 

Experiments were carried out in a chilled-water aquarium (Figure 3.1). The system 

used a thermostatic heater and two water chilling units to maintain 50 µm-filtered sea 

water at 0°C. The total capacity of the system was approximately 400 litres and the 

flow rate was approximately 2 L min-1
• The temperature in the experimental tank 

remained stable at 0.5°C. The water was completely replaced before each 

experiment. The base of the tank was lined with white plastic (0.5 mm thickness) to 

smooth out corners, following the observation that animals sometimes become 

trapped in the corners of the tank (detail omitted from Figure 3.1 for clarity). 

Experimental illumination 

Illumination at various wavelengths was provided by an array of nine rows of four 20 

W fluorescent light fittings hanging above the experimental tank. Initial 

measurements showed that irradiance was highest in the centre of the tank, but 

mirrors were placed vertically at either end of the tank increased irradiance at either 

end of the tank and ensured a consistent light field (this detail is omitted from Figure 

3.1 for clarity). 
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Figure 3.1 Aquarium system for observation of krill under different light treatments. 

UVB wavelengths were supplied by 20W 'TL' RS Medical UVB tubes (Philips). 

UVA wavelengths were supplied by 20W "black lights" (NEC), while 18W and 20W 

cool white tubes (Osram) supplied PAR. Grafix™ cellulose acetate film was used to 

filter UV radiation of wavelengths lower than 293 nm. The filters were replaced after 

50 hours of UVB irradiation due to UV-induced aging of the plastic. PAR, UV A and 

UVB irradiance was measured at the water surface with a Solar Light UV biometer 

with quantum (PAR), UV A and UVB sensors. Gradients in intensity of particular 

wavelengths along the tank's length were facilitated by varying the number of 

fluorescent tubes above each section of the tank. 

Electronic observation 

For each of the trials, 10 krill (Euphausia superba) were transferred from the krill 

aquarium at the Australian Antarctic Division (Kingston, Tasmania, Australia) to the 

tank system described above. For one hour prior to irradiation, the krill were 

irradiated with uniform low PAR (4-5 W m·2 measured at the water surface). 

Following this, the remaining rows of lights were switched on randomly at 3 minute 
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intervals. Once all necessary lights were on, krill were left in the tank for a random 

interval between 1 and 5 hours, whereupon their positions in the tank were recorded 

as described below. A total of seven replicate observations were made for all 

treatments. The order of treatments and the direction of the gradient were both varied 

in a random sequence. 

Krill in the horizontal tank were observed using a system of digital PC-Cameras 

(NEC Electronics) designed for repeated observations. The cameras captured images 

of the number of krill in each section of the tank. Two IBM-compatible Pentium

based computers (32 megabytes RAM, CPU> 166 megahertz) were fitted with two 

extra parallel ports, allowing two PC-Cams be connected to each computer 

simultaneous! y. 

!Spy Version 2.0 (!Spy software) was used to capture high quality JPEG images after 

a random interval between one and five hours of irradiation. All sections of the tank 

were photographed within 1 second. Images were examined on a PC using Adobe 

PhotoShop™. 

The end of the tank subject to the highest illumination was defined as d=O. The 

distance from d=O to each individual krill was measured from the digital pictures 

with the aid of calibration bars (metre rules laid beside the tank). The seven replicate 

means of the distance from d=O of the 10 krill for each treatment were analysed by 

one-way analysis of variance (ANOV A). Where significant differences were 

detected, we used Tukey hohestly significant difference (HSD) post-hoe tests to 

identify differences between group means (Zar, 1996). 

Seven additional trials were performed with a constant level of irradiance of all 

wavelengths, in order to confirm that krill did not favour particular areas of the tank 

under consistent light conditions. We simulated the "expected" results by assuming 

that krill were randomly distributed throughout the entire length of the tank and used 

Student's t-test to test for a significant difference between the results and the 

(simulated) expected value for mean distance. 

Vertical behaviour 

A cylindrical tank was used to examine vertical behaviour in response to UV (Figure 

3.2). This system was connected to an auxiliary large volume circulating water 

supply and all tubing and three sides of the tank were insulated using foam rubber to 
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maintain a low water temperature. Flow rate for the system was 500 ml min-1
, which 

was sufficient to maintain the water temperature at 0°C (± 0.2°C). Although the tank 

was cylindrical, a water-filled section built onto the tank presented a flat surface to 

remove visual distortion. 

Water-fille 
cavity 

Tank sides and rear 
insulated with foam 

Direction of irradiance 

' _ _, 

To krill aquarium 

.w---=-1r---:-. -Plastic-tube insulated 

50L 

collect1on 

tank 

Pump 

with foam rubber 

Figure 3.2 Tank design for measurement of vertical distribution under different light 
treatments. 

Experimental illumination 

PAR and UV wavelengths were supplied by an array of six x 400 mm fluorescent 

light fittings, consisting of three 18W cool white tubes (Osram) for PAR, two 18W 

"black light" tubes (NEC) for UV A and a single 20W 'TL' RS Medical UVB tube 
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(Philips). The tubes used varied with each treatment. The order of treatments varied 

randomly. Measurements of irradiance at different points in the tank were made 

using a Macam scanning spectroradiometer. An exponential function was fitted to 

the data in order to predict irradiance at different depths throughout the tank. 

Photographic observation 

For each trial, 30 krill were placed in the tank and left for 1 hour under low PAR ( 6.2 

W m-2 measured at water surface). Lights were turned on in random order at ten

minute intervals until all lights had been activated. After a randomly selected interval 

between 1-5 hours had elapsed, the tank was photographed in several frames using a 

Kodak DC 10 digital camera. Digital photographs in JPEG format were downloaded 

to a PC and examined in Adobe PhotoShop™, where, with the aid of calibration bars 

(metre rules attached to the side of the tank), the depth of each krill was measured 

and a mean depth calculated. 

Following each trial period, all fluorescent tubes were turned off save a single PAR 

tube, which was turned off following a further hour of subdued illumination (PAR, 

6.2 W m-2 measured at water surface). Krill were then returned to the aquarium and 

not used in subsequent experiments. As with the horizontal tank, seven replicate 

observations were made across all treatments. Mean depth was analysed by one-way 

analysis of variance (ANOV A) using UV IP AR treatment as a factor. Where 

statistically significant differences were indicated, we used Tukey .post hoe tests to 

identify differences between group means (Zar, 1996). 

3.3 Results 

Horizontal behaviour 

The UV A and UVB gradients ranged from the maximum measured value to less than 

1 % of the maximum value. Since some visible light was necessary to count the 

animals, the minimum irradiance in the PAR gradient was approximately 25% of the 

maximum value (Figure 3.3). 
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When exposed to levels of PAR + UV A + UVB that were constant across the whole 

tank (i.e. no gradient), krill did not significantly favour any particular section of tank 

- the mean distance of krill from a randomly selected end of the tank was not 

significantly different to the mean distance if krill had been randomly distributed 

(Student's t-test, t=l.12, d.f.=6, O. lO>p>0.05) (Figure 3.4). 
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F.igure 3.4 Mean distance of krill from_ point of h_ighest irradiance (d=O) in response to 
horizontal gradients of different wavelengths. 

One-way ANOVA showed a significant effect of treatment (df=3, F=30.556, 
p<0.001). Linked columns are not significantly different at p>0.05 level (Tukey 
HSD test). Differences are significant to at least the p<0.0001 level (Tukey test). 
In all cases, the number of replicate observations (n) = 7. 

When exposed to a gradient of PAR along the tank, the mean distance from the point 

of highest irradiance significantly increased relative to the control group, suggesting 

that krill moved towards areas of lower irradiance (one-way ANOV A, see Figure 

3.4). This shift to lower irradiance levels was also seen when the krill were exposed 

to a gradient of UV A wavelengths. However, under a gradient of UVB radiation, 

there was no observed change in position relative to the control group (Figure 3.4). 

One-way analysis of variance showed that treatment had a statistically significant 
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effect on mean distance. Tukey HSD post hoe tests showed that animals exposed to 

PAR and UVA gradients were significantly further from the point of highest 

irradiance than animals under a UVB gradient or no gradient at all (Figure 3.4, see 

caption for statistical information). 

Vertical behaviour 

The depth of water in the tank reduced irradiance at the base of the tank relative to 

the water surface. PAR at the base of the tank was approximately 13% of that at the 

water surface, whereas the values for UVA and UVB were 3.6% and 0.7% 

respectively. An exponential function was fitted to integrated data for PAR (400-

700), UVA (320-400) and UVB (280-320 nm) to allow prediction of the light climate 

at different depths (Figure 3.5). 
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Figure 3.5 Measurement of broad band irradiance at different depths inside vertical 
tank. 

Measurements made with a Macam scanning spectroradiometer and integrated 
to give broad-band UVB, UV A and PAR irradiances. Exponential function 
fitted to each curve. Formula and r 2 value given next to curve. 
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Upon introduction to the tank, krill tended to sink passively to the base of the tank. 

However, after 20 minutes equilibration under low light they were evenly distributed 

throughout the tank, with a mean depth of 82 cm (standard deviation, 7 cm). 

Additional UV A caused krill to increase their depth, while additional UVB radiation 

did not (~igure 3.6). One-w_ay an<!lysis of variance showed that treatment had a 

statistically significant effect on krill vertical position. An observed trend in depth 

due to increased PAR irradiance is not statistically different from the low PAR 

treatment (Figure 3.6, see caption for statistical information). 
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Figure 3.6 Mean distance of krill from· point of highest irradiance ( d=O) in vertical tank 
in response to different light fields. 

One-way ANO VA showed a significant effect of treatment (df=4, F=35.683, 
p<0.001). Linked columns are not significantly different at p>0.05 level (Tukey 
HSD test). Differences are significant to at least the p<0.0001 level (Tukey test). 
In all cases, the number of replicate observations (n) = 7. 
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3.4 Discussion 

Krill did not appear to respond to UVB radiation in either tank system. However, 

gradients of PAR along the horizontal tank caused krill to move to areas of lower 

irradiance, although no significant response was recorded in the vertical tank. Krill 

appeared to respond to UV A in both tank systems by moving to areas of lower 

irradiance. 

The eyes of most euphausiids, including krill, employ classical refracting 

superposition optics, an advanced development among crustacean eyes (Denys et al., 

1983). This system is similar to that used by Mantis shrimps (stomatopoda) 

(Marshall et al., 1996; Marshall et al., 1994). Given these facts, it is perhaps not 

surprising that krill are also sensitive to UV A. While krill eyes have been well 

studied, there is no evidence based on activity or identity of visual pigments to 

suggest that krill can perceive UVB wavelengths (280-320 nm) (Denys, 1982; Denys 

& Brown, 1982). 

Many species of animals are sensitive to UV A, including stomatopods (Frank & 

Case, 1988; Marshall et al., 1994), lizards (Fleishman et al., 1993), many species of 

fish (Tovee, 1995), dipteran flies (Brown & Anderson, 1996) and birds (Maier, 

1992). In most cases this perception is suggested to be an aid for solar orientation 

(Brown & Anderson, 1996; Ma1er, 1992) or increased visual acuity of biofluorescent 

wavelengths at extreme depths (Muntz, 1973). While it is unknown if sensitivity to 

UV A is an evolutionary response to high levels of UV radiation in the past, this 

adaptation may be utilised in avoidance of regions with high incident solar radiation. 

The horizontal tank system was designed to test the preference of krill for different 

light climates independent of vertical behaviour. Krill responded to gradients in both 

UV A and PAR, in both cases moving to areas of the lowest irradiance, while 

appearing not to respond to UVB radiation. The depth of the tank ( 40 cm) allowed no 

significant changes in depth. The animals were, in effect, constrained to the surface. 

The gradient in specific wavelengths also served to test behavioural sensitivity 

independent of other wavelengths. The design of the vertical tank allowed the krill to 

ascend and descend 1.5 metres and the addition of UV A wavelengths caused the krill 

to increase their depth. Results from both apparatuses showed a response to UV A, 
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manifested as either a change in horizontal position or an increase in depth. Addition 

of potentially harmful UVB wavelengths did not cause any further change in depth. 

The treatment of PAR+ UVB, with no additional UV A, which presents a situation 

which never occurs in nature, was used to confirm that krill did not appear to respond 

to UVB radiation by changing depth. It is possible that the krill did perceive UVB 

radiation but displayed no behavioural response. However, given the clear response 

evident at longer wavelengths, the apparent lack of appropriate visual pigments 

(Denys, 1982; Denys & Brown, 1982), and the rarity of UVB perception in nature, 

we assume that a lack of behavioural response denotes a lack of sensitivity (Marshall 

et al., 1996). 

Interestingly, a strong response to changes in PAR (namely the High and Low PAR 

treatments) was not seen in the vertical tank. While the High PAR treatment 

appeared to cause an increase in mean depth, the difference from the Low PAR 

treatment was not statistically significant (Figure 3.6). This is in contrast to data from 

the horizontal tank, which showed a strong movement of krill from high to low 

irradiance. A possible explanation for this is provided by a comparison of the sources 

of irradiance, in that maximum levels of PAR provided by the gradient (6.03 - 23.4 

W m-2
) were much higher than those for the vertical tank ( 4.04 W m-2

) which, may 

not have been high enough to induce the krill to move to areas of lower PAR 

irradiance. 

Maximum levels of UV A for the horizontal tank ( 4.19 W m-2
) were 1.92 times 

' .; 

higher than those over the vertical tank (2.187 W m-2
). And although krill showed no 

behavioural sensitivity to UVB radiation, the maximum level in the horizontal tank 

(0.91 W m-2
) was 3.01 times greater than the levels over the vertical tank (0.302 W 

-2) m. 

We compared levels of UV A present at locations in each tank at which krill were 

most common. In the vertical tank, the mean distance under P AR+UV A (with or 

without UVB) was 119 cm, corresponding to an irradiance of 0.399 W m-2 of UV A. 

For the horizontal tank, the mean distance of krill from the highest UV A irradiance 

in a UVA gradient was 175 cm, which corresponded to a UV A irradiance of 0.853 W 

m-2
. This difference could be explained by differences in experimental design. It 

appears that the two main external factors acting on krill in the vertical tank are UV A 

irradiance and gravity. It is therefore possible that the mean depth of krill under UVA 
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is lower than that which provides a "preferred" UV A irradiance due to krill 

swimming up the tank, reaching a limit of UV A irradiance and sinking down. 

However, krill in the horizontal tank, constrained as they were to the top 40 cm, may 

not expend as much energy in maintaining this level, suggesting that the "preferred" 

UV A irradiance inferred by mean distance of krill along the horizontal tank may be a 

more accurate estimation than that inferred by mean depth of krill in the vertical 

tank. It is also possible that there is no "preferred" UV A irradiance, and that UV A is 

a cue to sink rather than a factor that determines depth in the water column. If this is 

the case, there may exist a threshold level of UV A past which a krill will respond 

behaviourally, most likely by avoidance. Experiments to study this will require a 

highly uniform and precisely measured light climate. 

Measurements of UV penetration in the Weddell Sea have shown that under 

conditions of high water clarity, "10% and more" of surface UVB irradiance is 

observed at 30 m (Gieskes & Kraay, 1990). Using midrange broadband attenuation 

coefficients (0.15 m-1 for upper 5 m, 0.1 m-1 for 5-25 m) and using the lowest 

observed noon irradiance from the NSF UV monitoring station at Palmer Station for 

November-December, 1993 & 1994 (from Helbling et al., 1996), we estimate that 

krill in the laboratory respond to levels of UV A observed at depths greater than 15 

metres. This is deep enough to include the habitat of a significant proportion of the 

krill population. These estimates implied by irradiance levels and attenuation 

coefficients should be approached with caution, given that short wavelength radiation 

such as UVB radiation is more readily absorbed in the water column than longer 

wavelengths, a factor not always allowed for in broadband attenuation coefficients. 

While spring and summer in Antarctica are the time of highest water clarity, high 

incident UV and lower cloud cover, UV incident on a single krill in a swarm cannot 

yet be reliably estimated. 

Another complicating factor is the tendency of krill to occasionally feed on algae 

growing on the undersurface of sea ice in spring (Eicken, 1992; Homer et al., 1992; 

Legendre et al., 1992; Smetacek et al., 1990; Spindler, 1994), a behaviour which 

guarantees proximity to the surface. Although krill may be protected from UV under 

ice, it has been shown that UV radiation can penetrate sea ice under certain 

conditions (Frederick, 1989; Frederick & Snell, 1988), suggesting that organisms 
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feeding beneath sea ice may also be at risk from elevated levels of springtime UVB 

irradiance. 

Ozone depletion does not affect UV A fluxes during stratospheric ozone depletion, 

therefore causing the ratio of UVB to UV A rise. Since krill appear to react to UV A 

and not UVB, it is possible that krill are being exposed to higher levels of UVB 

radiation than their sensitivity to UV A might predict. It is not yet known if krill 

fitness is reduced by natural levels of UVB radiation, although there is evidence of 

DNA damage in pelagic zooplankton from Antarctic waters (Malloy et al., 1997) and 

it has been indicated that krill DNA is especially susceptible to such damage (Jarman 

et al., 1999). 

Phytoplankton have shown the ability to adjust to high UV in a matter of days 

(Helbling et al., 1996; Villafane et al., 1995b) but DVB-mediated DNA damage can 

be accumulated (Harm, 1980). Given krill's multi-year life span (Siegel, 1982), and 

evidence of DNA damage to pelagic zooplankton (Malloy et al., 1997), the effects of 

accumulated DNA damage on fitness over several years cannot be discounted. 

The recent discovery that ozone depletion begins earlier than first thought has given 

new impetus for UV/photobiological research (Roscoe et al., 1997). We suggest the 

next experimental step should be calculation of UV dose and UV penetration within 

a krill swarm, and examination of the non-lethal effects of UVB radiation on krill. In 

addition, field studies involving enclosures of large numbers of krill constrained in 

near-surface waters would answer many questions. 
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4 Acquisition of a UV-absorbing mycosporine-like 
amino acid by Antarctic krill from dietary algae 

This work was accepted for publication as: 

Newman, S. J., Dunlap, W. C., Nicol, S. & Ritz, D. A. (In Press). Antarctic krill 

(Euphausia superba) acquire a UV-absorbing mycosporine-like amino acid from 

dietary algae. Journal of Experimental Marine Biology and Ecology 

Abstract 

We hypothesised that Antarctic krill acquire UV-absorbing mycosporine-like amino 

acids (MAAs) from dietary algae, which produce MAAs in response to ultraviolet 

(UV) irradiation. To test this hypothesis, we grew cultures of Phaeocystis antarctica 

that had been grown under either photosynthetically active radiation (PAR, 400-750 

nm) plus UV irradiation (UVR, 280-400 nm), or else PAR-only. Algae grown under 

PAR-only produced high concentrations of porphyra-334, whereas additional UVR 

caused formation of high concentrations of mycosporine-glycine:valine and lower 

concentrations of porphyra-334. Krill were fed with either of these two cultures on 

eight occasions over 63 days. A third group was starved for the duration of the 

experiment. Animals were analysed after 36 and 63 days for MAA content. 

Remaining animals from all treatments were starved for a further 35 days and 

analysed to examine MAA retention characteristics. 

We also investigated if krill are able to produce MAAs in response to high levels of 

UVB radiation. Krill did not produce MAAs in response to high UVB, and are not 

likely to possess the shikimic acid pathway necessary for de nova synthesis. 

Our findings are that krill acquired different MAAs from dietary algae depending on 

the light conditions under which the algae were grown. Specifically, krill fed algae 

grown under PAR-only had higher concentrations of porphyra-334 than starved krill. 

Conversely, krill fed algae grown under PAR with additional UVR had high body 

concentrations of mycosporine-glycine:valine. MAA concentrations in starved krill 
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remained static throughout the experiment. However, long term starvation (35 days) 

caused levels of certain acquired MAAs to decline. From this we can infer that MAA 

concentrations in krill are dependent on the MAA content of phytoplankton, and 

therefore the algae's response to UV exposure. This has implications for transfer of 

MAAs through marine trophic webs. 

4.1 Introduction 

Overwhelming evidence exists that UVB radiation (280-320 nm) and the shorter 

wavelengths of UV A (320-400 nm) can penetrate natural waters to biologically 

significant depths of up to 20 m (Booth & Morrow, 1997; Jerlov, 1950; Smith & 

Baker, 1979) and cause genetic and physiological damage to aquatic organisms 

(Williamson & Zagarese, 1994; Worrest & Hader, 1997). Environmental ultraviolet 

radiation (UVR) can also affect organisms indirectly by disrupting trophic-level 

interactions within aquatic ecosystems (Bothwell et al., 1994). Algae are known to 

respond to UV exposure by synthesising UV-absorbing compounds (Helbling et al., 

1996; Riegger & Robinson, 1997) and by repairing DNA damage (Buma et al., 1997; 

Karentz et al., 1991a; Scheuerlein et al., 1995). Algal taxa also vary widely in their 

sensitivity to UV (Neale et al., 1998), which can affect succession to favour more 

UV-tolerant species (Bothwell et al., 1993; Bothwell et al., 1994). In contrast, fewer 

studies have examined the effects of environmental UVR on algal consumers such as 
' ~ 

zooplankton. 

Zooplankton are a key intermediate in trophic energy transfer and nutrient 

regeneration in marine food chains (Banse, 1995). Given this importance, the effects 

of UV radiation on zooplankton production were examined in the early to mid-

1980' s following initial concerns about ozone depletion (Damkaer et al., 1980; 

Hunter et al., 1982; Karanas et al., 1981; Ringelberg et al., 1984). Following a lull in 

research activity of nearly a decade, investigation on the effects of increasing UVR 

on zooplankton has re-emerged in tropical marine (Saito & Taguchi, 1995), 

freshwater (Williamson & Zagarese, 1994; Zagarese et al., 1998), mid-latitude 

marine (Chalker-Scott, 1995; Kouwenberg et al., 1999b; Naganuma et al., 1997) and 

Antarctic ecosystems (Malloy et al., 1997; Newman et al., 1999). 
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MAAs are geographically and taxonomically widespread in marine species, and 

MAAs are particularly common in many classes of microalgae (Jeffrey et al., 1999) 

and algal macrophytes (Banaszak & Lesser, 1995; Karentz et al., 1991b). MAAs are 

produced from a branch of the shikimic acid pathway (Favre-Bonvin et al., 1987; 

Shick et al., 1999), a biochemical route not available in animals. Evidence is 

mounting that MAAs in vertebrate and invertebrate marine animals are derived from 

dietary accumulation (Carefoot et al., 1998; Carroll & Shick, 1996), or via 

translocation from algal symbionts (Shick et al., 1999), to provide UV protection 

(reviewed in: Dunlap and Shick, 1998). In a survey of 48 species of Antarctic marine 

invertebrates conducted by Karentz et al. (1991b), Antarctic krill had the 3rd highest 

body concentration of total MAAs. It has also been noted that the MAA content of 

krill closely resembles the diversity of MAAs in the natural phytoplankton 

assemblage collected at the site of capture (Dunlap et al., 1995), which is consistent 

with MAAs in krill having a trophic origin. 

This study investigates the source of MAAs in primary consumers of Antarctic 

marine microalgae, by determining whether krill acquire MAAs from ingested algae 

and examining the effect of starvation on MAA concentrations. In addition, we also 

examined krill killed as part of a mortality experiment in order to examine if MAAs 

are formed in krill tissues de nova in response to high UVB radiation. These 

experiments were designed to provide the experimental framework for further 

examination of the physiological function of MAAs in krill such as protection from 

UV exposure. 

4.2 Materials and methods 

Collection and maintenance of krill 

On 2 April 1999 approximately 500 Antarctic krill were collected from the marginal 

ice edge near Casey Station, Antarctica (64° 17" S, 105° 38" E), using a rectangular 

mid-water trawl net (RMT-8, mouth area: 8m2
). After the catch was sorted, viable 

krill were maintained in tanks aboard RSV Aurora Australis during passage, and on 

21 April were transferred to holding tanks at the Australian Antarctic Division, 

Kingston, Tasmania. 
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On 10 May, 48 krill were removed from the holding tanks and separated into 3 

groups of 16 animals, each in a separate tank. These groups were designated the 

"starved" group, which received no food throughout the experiment, the "PAR-only" 

group, which received algae grown under PAR wavelengths, and the "PAR+UV A/B" 

group, which received algae grown under a full range of PAR, UV A and UVB 

wavelengths. 

Each group was placed in separate flow-through tanks connected to a common 

seawater supply to ensure identical water quality. Within each tank, individual krill 

were isolated in separate two-litre plastic jars that were perforated to allow water 

exchange. Water temperature was maintained at 0.5°C (± 0.2°C) and 33 (± 1) ppt 

salinity. Flow rate through all tanks was approximately 2 L min-1
• 

Growth of algae 

Sixteen polystyrene culture flasks (600 ml) were each filled with 450 ml of GPS 

media and inoculated at 4-8 day intervals (see Results, Table 4.2) with 150 ml of a 

high density, stationary phase culture of Phaeocystis antarctica obtained from Prydz 

Bay, Antarctica, 76° E, 69° S. The culture remained in the colonial stage of the 

Phaeocystis life cycle for the entire experiment (Marchant et al., 1991). _The culture 

flasks were grown under one of two light treatments: PAR-only, and a combination 

of P AR+UV AIB (see Results, Table 4.1) in a 12: 12 hour light:dark photoperiod. A 

pilot study used to establish the method is described in Appendix I. 

' ., 
A two-chambered Ratek growth cabinet maintained at 2°C was used to provide 

irradiance for algal growth. The upper chamber was fitted with two FSL 140 l 7W 

DVB-emitting fluorescent tubes (Philips), three "black light" 17W UVA tubes 

(NEC), and four 15W "cool white" tubes (Osram). The lower chamber was fitted 

with five 15W "cool white" tubes (Osram). UVB tubes were covered in Grafix™ 

cellulose acetate sheet to remove UVC ( <280) wavelengths. 

Light levels were monitored using a Solar Light PMA 2100 radiometer with quantum 

(PAR), UV A, and UVB sensors. Levels were measured beneath a section of plastic 

cut from the flat surface of a culture flask. Cultures were irradiated at a distance of 

approximately 40cm from the light sources and flasks were inverted daily to prevent 

algal precipitation. 
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Because of inaccuracies encountered in counting cells of the colonial form of P. 

antarctica, we adapted the method used by Riegger & Robinson (1997), who, in the 

absence of reliable data for cell numbers, normalised biomass between different 

cultures using differential absorbance by chlorophyll a. We analysed methanol 

extracts of culture samples (method adapted from Dunlap et al., 1995) to determine 

near-instantaneous differences in the culture content of chlorophyll a and of UV

absorbing MAAs, without the time delay inherent in HPLC. In using this method we 

assumed that the amount of chl a per cell remained constant throughout the 

experiment. 

On the day of feeding, 40 ml of each culture was centrifuged for 20 minutes at 2,000 

rpm, and the supernatant medium was discarded. The residual pellet of algae was 

extracted for 1 hour with 3 ml of 100% methanol, suspended insoluble material were 

removed by centrifugation and UV/visible spectra of krill extracts were recorded 

with a GBC scanning spectrophotometer. All of the extracts showed a distinct 

absorption in the region 330-340 nm corresponding to the combined suite of algal 

MAAs. Absolute concentrations of chl a were calculated using the peak absorbance 

value at 663 nm (refer to Results, Figure 4.1) and an extinction coefficient of 79.95 

g/l/cm (Jeffrey & Welschmeyer, 1997). 

In all cases, the chlorophyll a content was greater in cultures having the PAR 

treatment than for the DVB treatment. Therefore, the volume of feed given to each 

krill in the PAR group was reduced by the fraction of the chlorophyll a absorbance in 
' _, 

the DVB treatment compared with the chl a absorbance in the PAR treatment. 

Feeding experiments 

On the day of feeding, and following extraction of algae to establish chlorophyll a : 

MAA ratios, remaining PAR+UV AIB culture from two 600 ml flasks of P. 

antarctica culture inoculated two weeks previously was split evenly between krill in 

··the UVB group,--and a corresponding-standardised-volume-of the PAR-only-culture 

was fed to the PAR group krill. The control group krill received no food for the 

duration of the experiment. The volume of algae fed to the krill varied depending on 

the growth state of the algae and the number of krill remaining. Krill were fed on a 

total of 8 occasions (for details and dates, refer to Results, Table 4.2). Feeding ceased 

after day 58, whereupon all remaining krill were starved until analysis on day 98. 
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Source of irradiated krill 

UV-irradiated krill (and control animals) were retained from a previous mortality 

experiment (Chapter 2, Newman et al. 1999) and stored at-86°C for approximately 

4 months. The animals were analysed for MAAs as described below. 

Extraction of MAAs from krill 

Animals were removed from the experimental enclosures on day 36, 63 and 98. 

Since any attempt to remove gut contents from the krill manually would have led to 

the removal of the entire digestive gland, we chose instead to allow a period prior to 

analysis during which most material in the gut would be excreted. Given that the 

mean gut residence times of Isochrysis and Thalassiosira are 47 and 256 min 

respectively (Pond et al., 1995), we assumed that 4 days of starvation (5760 min) 

was sufficient to allow most ingested material to leave the digestive tract, and we 

timed feeding and analysis to coincide with this period. Upon removal from the 

tanks, krill were immediately weighed, segmented into 6 pieces of approximately 

0.05-0.2 g and placed into a 15 ml extraction tube. All krill had a wet mass between 

0.32-0.53g. 

Krill tissues were extracted by three serial extractions each using 2ml of 100% 

methanol for 1 hour (Dunlap & Chalker, 1986). Following each extraction the 

contents were centrifuged at 3000 g for 15 minutes and the supernatant decanted and 

pooled. The pooled extracts were passed through a C1s Sep-Pak cartridge (Alltech) to , ., 

remove intractable lipids and absorption spectra were obtained with a GBC scanning 

spectrophotometer to determine the maximum optical density in the UV spectrum 

(280-400nm). Three aliquots of 1 ml were transferr~d into 1.5 ml Eppendorf tubes 

and methanol was reduced on a Heto™ mini DNA vacuum centrifuge at room 

temperature for two hours. Residual water was removed by freeze-drying and the dry 

extracts were stored at -86C0 until HPLC analysis. 

HPLC analysis of MAAs 

Dried extracts of P. antarctica and krill were reconstituted in 200 µl of 100% 

methanol and left to stand at room temperature for two hours with vortex mixing at 

1/2 hour intervals. The re-suspended extracts were centrifuged at 20000 g to 

precipitate salts and other insoluble material. Known volumes of between 3 and 10 µl 
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were injected into a Shirnadzu HPLC system utilising a Phenosphere (5µ) C-8 

reverse phase HPLC column (4.6 x 250 mm) with a Phenosphere (5µ) C-8 (4.6 x 50 

mm) guard column; the mobile phase consisted of 40% methanol, 59.9% water and 

0.1 % acetic acid delivered at a flow rate of 0.8 ml min-1
• Integrated peak areas were 

determined at detection wavelengths of 313 and 340nm. 

MAAs were identified by co-chromatography with prepared standards and 

comparison of 313:340 wavelength ratios. Quantified standards were extracted and 

purified from the following organisms (Appendix Il): the zoanthid Palythoa 

tuberculosa (mycosporine-glycine, palythine, palythinol), the red alga Porphyra 

tenera (shinorine, porphyra-334) and ocular lenses of the coral trout Plectropomus 

leopardus (asterina-330 and palythene). Secondary calibration of these extract 

standards was achieved by HPLC analyses from primary calibration of MAAs 

determined at the Australian Institute of Marine Science (AIMS). Validation and 

secondary calibration for mycosporine-glycine:valine was conducted at AIMS using 

an authenticated sample from a dried krill extract prepared from a previous study at 

Palmer Station (Dunlap et al., 1995). 'For calculations of MAA concentration, wet 

mass was converted to approximate dry mass using a water content of 76% (Morris 

et al., 1988). 

Statistical analysis 

Effect of time and MAA identity on MAA concentration in the P. antarctica culture 

was tested using a two-way 'an~ysis of variance (ANOV A) without replication (Zar, 

1996). The interactive effect of time, MAA identity and algal diet on MAA 

concentrations in krill was tested for statistical significance by three-way ANOVA 

using the Systat 5.01 package for PC (Systat Inc.). In addition, we performed two

way ANOVAs for individual MAAs with time and treatment as factors, using 

StatView 4.5 (Abacus Concepts). The effect of 36 days of starvation on 

concentration of individual MAAs in krill, i.e. the difference in mean MAA 

concentration between day 63 and day 98, was tested using Student's t-test (Zar, 

1996). 
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4.3 Results 

The extraction efficiency from three serial extractions in 100% methanol was >97% 

(± 0.6% ). Extraction efficiency of different MAAs did not vary significantly (one

way ANOVA, df=5, F=l.04, p>0.5). To adjust for this rate of efficiency, values for 

individual MAA concentrations were adjusted by a 3% increase. 

Spectrophotometric analyses of methanol extracts obtained from P. antarctica grown 

under PAR and PAR + UV light (Table 4.1) showed marked differences in the 

UV A/B region in a comparison of spectra normalised to chi a absorption at 663 nm 

(Figure 4.1). UV A/B-treated P. antarctica exhibited a 2.3- 5 fold increase in MAA 

absorbance as compared with cultures grown under PAR. Absolute concentrations of 

chlorophyll a in harvested PAR-only cultures varied from 307.3 to 466.4 ng mr1
, and 

from 238.5 to 375.8 ng m1-1 in harvested PAR+UV A/B cultures (Table 4.2). 

Table 4.1 Irradiation conditions for culture of dietary algae for feeding experiments. 

12:12 hour (light:dark) photoperiod 

Treatment 

UV 

Wavelength range (nm) 

280-320 (UVB) 

320AOO (UV A) 

400-700 (PAR) 

PAR 280-320 (UVB) 

320-400 (UV A) 

Irradiance (W m-2
) 

6.76 x 10·2 

4.96 

11.81 

400-700 (PAR) 11.23 

The concentration of individual MAAs in P. antarctica varied according to whether 

the algae were grown under UV light (Figure 4.2a-b ). There were greater amounts of 

porphyra-334 in algae grown under PAR-only treated algae, whereas twice as much 

shinorine and significantly greater amounts of mycosporine-glycine:valine was 

measured in P. antarctica grown under P AR+UV A/B. A two-way ANO VA without 

replication showed that concentration of MAAs in culture did not vary over time 
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(Figure 4.2a-b). Trace quantities of asterina-330 and palythine were observed in 22% 

and 15% of HPLC analyses respectively, but peak heights were too small to allow for 

peak area quantification. 
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Figure 4.1 Spectrophotometric analysis of methanol extracts of P. antarctica grown 
under PAR-only and PAR+UV A/B irradiation. 

Curve standardised to chlorophyll a absorption at 663 nm. 
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Figure 4.2a Concentration of MAAs in P. antarctica cultures grown under either PAR
only, or PAR+UV AJB. (Figure 4.2b next page). 

a) mycosporine-glycine:valine and porphyra-334, b) mycosporine-glycine and 
shinorine. Two-way analysis of variance without replication showed that MAA 
concentration varied according to MAA identity for P. antarctica grown under 
PAR-only (F=14.98, df=3, O.OS>p>0.025) a_nd PAR+UV A/UVB (F=12.87, df=3, 
0.05>p>0.025). The date off eed did not have a significant effect on MAA 
concentration for P. antarctica grown under PAR-only (F=l.26, df=7, p>0.5) 
and PAR+UV A/B (F=l.087, df=7, p>0.5). A lack of replication prevented testing 
for between-factor interactions. 
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Table 4.2 Volume of culture fed to each individual krill. 

Difference in culture volume is due to standardisation to chlorophyll a 
absorbance maximum (refer to Materials & Methods section for details). 

Volume of culture fed Biomass (in terms of µg of 
to each krill (ml) Chl a) of algae fed to krill 

(standardised for both 
Feed Date (1999) Day UV PAR groups) 

1 24May 14 35 27 401.5 

2 28May 17 35 27 372.3 

3 4 June 24 35 21 324.2 

4 10 June 30 35 17 276.6 

5 17 June 37 56 46 421.3 

6 24 June 44 56 50 323.4 

7 30 June 50 56 45 435.9 

8 8 July 58 56 33 311.2 

A representative chromatogram from an extract of krill shows all identified MAAs 

(Figure 4.3, peak 2 & 4-8) and a single unidentified peak (peak 3). This unknown 

component has a wavelength of maximum absorbance <280 nm and is not present in 

P. antarctica. Examination using reverse-phase separation and weak ionic exchange 

separation on a bonded-phase amino column (Helbling et al., 1996) confirmed this 

component to be unrelated to MAAs. 
' ., 

Concentration of individual MAAs in krill varied over time, according to the feeding 

regime. For all starved animals, concentrations of most MAAs stayed at or about 

initial conditions, except asterina-330, which rose in concentration by the end of the 

experiment. 

Krill fed algae grown under PAR +UV AIB showed a strong increase in concentration 

of mycosporine-glycine:valine with time. In addition, concentrations of both 

porphyra-334 and shinorine dropped initially, before recovering to concentrations 

similar to starved animals. Levels of mycosporine-glycine remained consistent 

throughout the experiment. 

In contrast, krill fed algae grown under PAR-only appeared to accumulate porphyra-

334 and, to a lesser extent, shinorine. This is analogous to the MAA complement of 
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the diet, in that algae grown under PAR-only were characterised by an abundance of 

porphyra-334 and a lack of mycosporine-glycine:valine. As was the case with krill 

.. fed PAR+UVA/B-treated. algae,. concentrations .mycosporine ... glycine remained 

consistent throughout the experiment. 

A three-way ANOVA showed that all three factors (day of analysis, MAA identity 

and treatment of algae) had significant e_ff~cts on the dry mass concentration of 

individual MAAs in whole krill, and that there are statistically significant 

interactions between all combinations of factors. Possible explanations for the 

observed interactions appear on the ANOV A table (Table 4.3). 

Table 4.3 Three-way ANOV A examining the effect of time (day), MAA identity and 
diet (starved, PAR-only, PAR+UV A/B) on MAA concentration of krill. 

Factor df F P-value Comments 

MAA identity 

Time (day) 

Diet 

MAA*Time 

MAA*Diet 

Time* Diet 

MAA*Time* 
Diet 

Residual 

5 

2 

2 

10 

10 

4 

20 

143 

253.9 <0.0001 

37.7 <0.0001 

4.7 0.0105 

7.9 <0.0001 

14.2 <0 0001 

9.8 <0.0001 

6.7 <0.0001 

Relative concentrations of different MAAs produced by algae 
vary markedly. 

Due to accumulation of MAAs in krill tissues. 

Weakly significant due to lower-than-expected difference 
between total MAAs in PAR± UV AIB treatments. 

InteractIOns probably due to: 

Accumulation of different MAAs in krill tissues. 

Different MAAs induced by different light treatments. 

Effect of UV AfB on total concentration of MAAs produced. 

Product of three highly significant two-way interactions. 

A series of two-way ANOV As for individual MAAs examined the effect of time and 

diet on MAA concentration independent of MAA identity (Table 4.4). Only 

concentrations of mycosporine-glycine:valine and porphyra-334 showed a 

statistically significant effect of time and diet, and an interaction between the two 

factors. Shinorine showed a weaker effect of time and diet, and a non-significant 

interaction between the two. Asterina-330, palythine and mycosporine-glycine did 

not vary according to time and diet, although palythine did vary significantly over

time (Table 4.4). 
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Due to the observed strong interaction between factors, post-hoe tests are unlikely to 

be meaningful (Zar, 1996). However, the data show a clear accumulation of 

mycosporine-glycine:valine over time in krill fed PAR+UV AIB algae (Figure 4.4). 

Tukey honestly significant difference (HSD) tests showed significant differences in 

mean mycosporine-glycine:valine concentration between krill fed "PAR+UV/B" 

algae and other diets for day 35 and 63 (p<0.001). Accumulation of porphyra-334 in 

krill fed PAR-only algae is also evident, although it is accompanied by an 

unexpected drop in concentration of porphyra-334 in krill fed PAR+ UV AIB (Figure 

4.4). Tukey HSD tests showed a significant difference in mean porphyra-334 

concentration between krill fed PAR-only algae and other treatments on day 63 

(p<0.001). Results for trace MAAs (palythine, asterina-330) are equivocal (Figure 

4.5). 
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Figure 4.3 Representative chromatogram of krill (using a detection wavelength of 313 
nm) fed UV-treated algae. 

Identity of peaks: 1 • salt; 2 • mycosporine·glycine; 3 • unknown substance (not 
an MAA, Amax <280 nm); 4- shinorine; 5 • porphyra-334; 6 • mycosporine
glycine:valine; 7 • palythine; 8 • asterina-330. 
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Table 4.4 Two-way ANOV A of concentration of MAAs in krill with time and diet as 
factors. 
Bold and underlined J!·values denote statistical significance. Concentrations of 
mycosporine-glycine:valine, porphyra-334 and shinorine in krill vary with time 
(accumulation) and diet (effect of growth conditions). Palythine concentration 
varies only with time. Significant interactions between time and diet for 
mycosporine-glycine:valine and porphyra-334 are most likely due to increasing 
availability of MAAs to krill as feeding progressed. 

MAA Factor df F-value .I! value 

Mycosporine- Time 2 21.94 <0.0001 
glycine:valine 

Diet 2 23.56 <0.0001 

Time* diet 4 15.03 <0.0001 

Residual 24 

· · Porphyra-334 ·Time 2 B.62 --(}.0001 

Diet 2 12.35 0.0002 

Time* diet 4 5.03 0.0043 

Residual 24 

Shinorine Time 2 5.42 0.0114 

Diet 2 5.78 0.0089 

Time* diet 4 2.14 0.1065 

Residual 24 

M ycosporine-gl ycine Time 2 2.43 0.1091 

Diet 2 0.12 0.8876 

_ _,Time * diet 4 0.60 0.6663 

Residual 24 

Palythine Time 2 4.47 0.0229 

Diet 2 2.39 0.1140 

Time* diet 4 0.95 0.4547 

Residual 24 

Asterina-330 Time 2 1.06 0.3596 

Diet 2 1.09 0.3515 

Time* diet 4 1.64 0.1949 

Residual 24 
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Figure 4.4 Effect of 63 days off eeding on concentration of major MAAs in krill fed on a 
diet of P. antarctica grown under varying light conditions. 
MAAs measured were shinorine, porphyra-334 mycosporine-glycine:valine and 
mycosporine-glycine. Bars represent 1 standard error (n=4). See Tables 3-4 for 
results of two- and three-way ANOV A. 
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Figure 4.5 Effect of 63 days of feeding on concentration of trace MAAs in krill fed P. 
antarctica grown under various light conditions. 

MAAs measured were palythine and asterina-330. Bars represent 1 standard 
error (n=4). See Tables 4.3-4.4 for results of two- and three-way ANOV A. 

Although starvation appears to lead to a drop in MAA concentrations of fed krill for 

most MAAs (except palythine, Table 4.5), some of these trends are not statistically 

significant, according to Student's t-test (Table 4.5). Previously starved krill retained 

their background concentrations of all MAAs except asterina-330, which increased in 

concentration (Table 1.1). Krill fed PAR+UV NB algae lost significant amounts of 

mycosporine-glycine:valine, porphyra-334 and shinorine, and a weakly significant 
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amount of mycosporine-glycine (p=0.048, Table 4.5). Additionally, krill fed PAR

only algae lost a weakly significant amount of porphyra-334 (p=0.0380, Table 4.5). 

Table 4.5 MAA concentrations in krill after 63 days off eeding and foil owing 35 days of 
starvation (98 days). 
Data inn mol g·1 approx. dry wt. Figures in brackets are SD. Student's !-test 
performed on individual MAA concentrations from day 63 and 98. Bold and 
underlined p-values indicate statistical significance. 

Treatment 

Starved Fed PAR-only algae FedPAR+UVA/B 
algae 

MAA 63 days 98 days 63 days 98 days 63 days 98 days 

Mycosporine- 2.25 1.68 46.50 32.80 379.54 113.13 
glycine:valine 

(1.9) (0.68) (7.63) (4.25) (76.54) (16.00) 

df=lO, t=0.448 df=8, t=l.568 df=6, t=3.406 

p<0.332 p<0.078 n:::;0.007 

Porphyra-334 273.12 268.91 446.77 356.42 295.69 174.92 

(28.84) (25.07) (22.53) (38.16) (27.80) (14.21) 

df=lO, t=0.109 df=8, t=2.038 df=6, t=3.868 

p<0.457 p<0.038 n<o.004 

Shinorine 135.25 129.05 187.09 156.60 129.20 87.75 

(16.50) (15.61) (17.89) (13.73) (11.13) (8.27) 

df=lO, t=0.268 df=8, t=l.352 df=6, t=2.989 

p<0.397 p<0.107 11<0.012 

Mycosporine- 143.07 128.24 133.91 129.44 164.54 106.18 
glycine 

(24.34) ~c2h8) (34.06) (27.26) (20.44) (21.27) 

df=lO, t=0.381 df=8, t=0.102 df=6, t=l.978 

p<0.356 p<0.460 n<0.048 

Palythine 0.78 1.78 0.93 1.74 1.26 2.30 

(0.37) (0.91) (0.92) (0.25) (1.26) (0.81) 

df=lO, t=0.636 df=8, t=l.887 df=6, t=l.579 

p<0.270 p<0.048 p<0.082 

Asterina-330 2.69 0.93 1.98 0.68 2.11 1.19 

(0.49) (0.26) (0.55) (0.43) (0.54) (0.44) 

df=lO, t=3.434 df=8, t=l.842 df=6, t=l.302 

p<0.003 p<0.051 p<0.120 
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Concentrations of individual and total MAAs in krill exposed to UV AIB radiation 

did not vary among UV treatments. One way analysis of variance found no 

significant effect of irradiance on krill MAA content: shinorine, F=0.747, p=0.570; 

porphyra-334, F=0.941, p=0.459; mycosporine-glycine:valine, F=0.995, p=0.431; 

mycosporine-glycine, F=l.504, p=0.235; palythine, F=0.621, p=0.651; asterina-330, 

F=l.493, p=0.239. 

4.4 Discussion 

Many marine invertebrates have high tissue concentrations of MAAs but lack MAA

producing symbionts. It has been suggested that these animals acquire MAAs from 

dietary sources (Chalker et al., 1988; Karentz et al., 1997; Shick et al., 1992). The 

first experimental evidence of this was the accumulation of shinorine in the ovaries 

of the sea urchin Strongylocentrotus droebachiensis from the red alga Mastocarpus 

stellatus (Carroll & Shick, 1996). Adams & Shick (1996) further showed that this 

accumulation protects the eggs ·of S. droebachiensis from UV-induced damage. 

MAAs have since been shown to trophically accumulate in the spawn of the sea hare 

Aplysia dactylomela (Carefoot et al., 1998) and in the eyes of medaka fish Oryzias 

latipes (Mason et al., 1998). 

These studies, and the observation that wild-caught krill were found to contain 

proportions of MAAs similar te the content of dietary phytoplankton (Dunlap et al., 

1995; Karentz et al., 1991b), prompted us to examine the trophic transfer of MAAs 

in the Antarctic marine food web. We chose the prymnesiophyte Phaeocystis 

antarctica as the dietary algal species since krill consume and survive well on 

Phaeocystis spp. in captivity (Haberman et al., 1993; Virtue et al., 1993). In the 

ecological context, P. antarctica is a major component of Antarctic phytoplankton 

(Karentz & Spero, 1995; Marchant et al., 1991; Riegger & Robinson, 1997), 

especially at the marginal ice edge in spring when UV incidence and penetration are 

high and krill are actively feeding (Hamner et al., 1983; Holm-Hansen & Huntley, 

1984). In our original design we expected that P. antarctica grown under PAR-only 

irradiation would have low MAA concentrations and would therefore serve as the

lo~ MAA diet, while P. antarctica grown under PAR +UV AIB would provide the 

high MAA diet for comparing dietary accumulation rates. We observed, however, 
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that P. antarctica grown under PAR-only produced substantial concentrations of 

MAAs dominated by porphyra-334 with low concentrations of mycosporine-

gl ycine:valine. Culturing P. antarctica under PAR+ UV AIB did indeed increase the 

total MAA content, but also increased the synthesis of mycosporine-glycine:valine to 

be the dominant MAA component over porphyra-334 (Figure 4.2a). Given this 

difference, the manipulation of mycosporine-glycine:valine and porphyra-334 

concentrations in P. antarctica grown under different light regimes served as a 

marker for differential accumulation of MAAs in krill maintained on diets having 

different MAA compositions. 

Shinorine and porphyra-334 differ in their chemical structures by only one methyl 

group at the imino-group substitution by the amino acids serine and threonine, 

respectively (Dunlap & Shick, 1998). Synthesis of shinorine is stimulated in P. 

antarctica grown under UV light (Figure 4.2b) whereas porphyra-334 concentrations 

decline under UV light relative to the MAA content of cultures grown under PAR

only (Figure 4.2a). In contrast, the production of mycosporine-glycine:valine in P. 

antarctica is accelerated almost exclusively by addition of UV AIB wavelengths. 

Specific pathways for the biosynthesis of mycosporine-glycine:valine in P. 

antarctica are unknown (as for other MAAs) but the reduction of porphyra-334 by 

UV light would indicate that synthesis of this MAA may be competitive with the 

UV-induction of mycosporine-glycine:valine biosynthesis. Our results are not 

directly comparable with recent work on MAAs in P. antarctica (Jeffrey et al., 1999; 

Riegger & Robinson, 1997) 'due to both papers' lack of specific information on MAA 

identity. However, our results broadly concur with those of Riegger & Robinson 

( 1997) who found that synthesis of UV-absorbing compounds (presumed to be 

MAAs) is maximal under UV wavelengths (280-400). 

The significant pattern of change in the bioaccumulation of mycosporine-

gl ycine:valine (Figure 4.4) and its subsequent loss during starvation (Table 4.5) 

demonstrates a significant effect of dietary availability on trophic accumulation of 

this MAA component in krill tissues (Table 4.3-4.4) .The reason that the dominant 

MAA accumulated in krill fed algae grown under PAR+UV AIB was mycosporine

glycine:valine is most likely because of its extremely high concentrations relative to 

the other MAAs. However, it may be that some MAAs, such as mycosporine

glycine:valine, are more readily absorbed into krill tissues than others, as was 
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observed by Mason et al. (1998) in the accumulation of algal MAAs by medaka fish 

(Oryzias latipes). Repetition of the present study with other dietary species having 

different selection of MAA components would allow further exploration of this 

question. 

The feeding of P. antarctica grown under PAR+UV AIB to krill caused an initial, but 

significant, loss of porphyra-334 and shinorine compared with starved animals or 

krill fed algae grown under PAR-only. This suggests that feeding krill PAR+UV AIB 

P. antarctica causes a metabolic disturbance of unknown stress, forcing an initial 

absorption or release of these MAA components. However, while the initial loss was 

unexpected, subsequent accumulation of the MAAs by day 63 (Figure 4.4) and a 

drop in concentrations during starvation fits with what might be expected, given the 

observed patterns of change in mycosporine-glycine:valine levels. In krill fed PAR

only algae, porphyra-334 and shinorine followed the same general pattern as the 

group fed PAR +UV AIB algae, but remained at or above concentrations in the control 

animals (Figure 4.4 ). 

The mycosporine-glycine content of krill remained at or near initial levels during 

feeding and starvation, despite enhanced quantities of mycosporine-glycine available 

in both diets. One possible explanation could be that experimental krill were already 

saturated in mycosporine-glycine from algae consumed in the wild, or that some 

mechanism maintained a homeostatic balance of mycosporine-glycine in these 

consumer~, particularly dutj.ng starvation. Such a mechanism could involve the 
~ _.., 

conversion of cellular imino-mycosporines in a process analogous to the conversion 

of shinorine and porphyra-334 to mycosporine-glycine, similar to that occurs by the 

metabolism of certain marine bacteria (Dunlap & Shick, 1998). Mycosporine

glycine, unlike imino-mycosporines, has moderate antioxidant activity (Dunlap & 

Yamamoto, 1995) and maintaining consistent levels may have a functional (but 

untested) significance in preventing photooxidative stress. 

Insufficient levels of palythine and asterina-330 were present in extracts of P. 

antarctica to allow quantification. Peaks heights allowed only determinations of 

presence/absence in a small fraction of algal extracts (see Results). As such, the 

paucity of palythine and asterina-330 in the krill diet is most likely due to 

background concentrations that were already present before the onset of feeding 

(Figure 4.5). The two- and three-way between-factor interactions found in the three-
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way ANOV A of MAA concentration are listed in Table 4.3. Most can be explained 

in terms of differential MAA availability and MAA accumulation into tissues. 

Some of our results show that, following cessation of feeding, concentrations of 

some MAAs return to initial values. Specifically, concentrations of the major MAAs 

porphyra-334, shinorine and mycosporine-glycine:valine in krill fed PAR+UV NB 

algae decreased toward initial levels (Table 4.5). This implies that sequestered 

MAAs cannot be retained indefinitely, although concentrations in krill starved for 

several months suggest that MAAs can remain in body tissues for long periods with 

minimal dietary supplementation. 

The total MAA concentrations obtained in krill from our experimental treatments are 

broadly consistent with published results from wild-caught specimens (Karentz et al., 

199lb). In the present study, the mean total MAA concentration for starved krill was 

3863 nmol g-1 approx. dry mass, which compares favourably with the mean 

concentration of 4670 nmol g-1 dry mass (8 specimens) reported by Karentz et al. 

(i'991b), when one considers that animals used in this experiment, although caught in 

late summer, had experienced a prolonged period of low-food availability during 

transport and subsequent captivity (52 days) which may account for the low 

concentrations in comparison to freshly-caught krill. 

In contrast with the presented data on dietary accumulation of MAAs, our results for 

MAA concentration in krill exposed to UVB radiation show clearly that krill cannot 

produce MAAs by de nova synthesis, therefore the pathway for entry of MAAs into 

krill tissues is via dietary phytoplankton. This outcome was expected, as animals 

--generally lack the-shikimic acid-pathway necessary- for-MAA -synthesis-.- It -does, 

however, confirm the widely-held supposition that high concentrations of MAAs in 

- -krill-(Karentz et-al.-,-199-lb) are not-due-to·de·novo synthesis·of-MAAs within-krill 

tissues. 

Antarctic phytoplankton have been shown to quickly acclimatise to high UV

irradiance by increasing production of MAAs in a matter of days (Helbling et al., 

1996; Helbling et al., 1992; Montecino & Pizarro, 1995; Villafaiie et al., 1995a). 

This rapid response suggests that krill that feed on phytoplankton following a period 

of high UV irradiance, such as that incident on a surface bloom during spring, will 

consume more MAAs than krill feeding on the same species of phytoplankton 

shaded from UV by sea ice cover or by depth in the water column. In addition, it is 
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commonly believed that increasing levels of UVB radiation will favour succession of 

UV-resistant species and alter the floristic composition of phytoplankton 

communities (Davidson et al., 1994; Marchant, 1993). Given that krill have such a 

varied diet, it can be expected that if MAA-rich species become more abundant in 

response to environmental UV stress, the increase in dietary availability will enhance 

MAA levels in consumer organisms. Therefore, the accumulation of MAAs, being 

dependent upon the recent irradiation history of prey algae, may provide a functional 

mechanism whereby MAA concentrations in krill are increased by an indirect 

response to enhanced UVB exposure. This "co-acclimation" can occur by ingesting 

greater amounts -of MAAs synthesised by phytoplallkton Ill response to UV exposure'' 

and/or by UV-mediated change in floristic composition to favour the presence of 

UV-tolerant species having a greater capacity for the production of UV-absorbing 

MAAs. 

In conclusions, our data supports the hypothesis that krill acquire MAAs from their 

diet. Specifically, we demonstrate that UV-induction of mycosporine-glycine:valine 

in P. antarctica can be trophically transferred to the Antarctic krill, E. superba. 

Given the apparent vulnerability of Antarctic krill to UV exposure (Newman et al., 

1999), it still remains to be shown if acquisition of MAAs from primary producers 

can provide an effective benefit to the consumers. Furthermore, analyses of MAA 

distribution in different krill tissues may shed additional insight on the functional 

benefits of MAA accumulation in the photophysiology and biochemistry of krill. 
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Survey of MAAs in krill 

5 Large-scale survey of UV absorbing mycosporine
like amino acids in Antarctic krill collected during 
summer 1996 

Abstract 

The concentrations and diversity of UV-absorbing mycosporine-like amino acids 

(MAAs) of Antarctic krill collected from East Antarctica (80-150°E) during January

March 1996 was analysed using HPLC. The most abundant MAA measured was 

porphyra-334, followed by mycosporine-glycine:valine, then shinorine and 

mycosporine-glycine. 

MAA concentrations in krill were highest in western sites. Abundance of algae 

(based on chlorophyll a concentrations) was also generally higher in western sites, 

but abundance of algae at the site of krill capture had a negligible effect on MAA 

concentration. 

Juvenile krill had higher concentrations of MAAs than adult males or females. 

Larger animals (by length) had lower concentrations of MAAs and is probably not 

related to age or reproductive status. Concentration of mycosporine-glycine showed 

the strongest relationship wiJh body length, with negligible concentrations in animals 

longer than 48 mm. 

The variation observed in MAA concentrations between sites implies that krill may 

vary in their susceptibility to UV radiation based on their diet, which is related to 

seasonal and oceanographic factors which affect primary production and algal 

biomass and community structure. 
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5.1 Introduction 

Mycosporine-like amino acids are common in many regions and across many taxa in 

marine environments (Shick et al., 1992). Although their primary function in 

organisms other than fungi has not yet been characterised, their ability to absorb 

harmful UVB (280-320 nm) has been well studied (Dunlap & Shick, 1998) and 

strong evidence exists for a photoprotective function in sea urchin eggs (Adams & 

Shick, 1996) and phytoplankton (Neale et al., 1998). 

The few surveys of MAA concentration that have been reported have sampled a wide 

variety of species in a specific environment. The most comprehensive survey to date 

(85 species) by Karentz et al. (1991b), examined planktonic, intertidal and subtidal 

species off the Antarctic peninsula. While there was no indication that MAAs were 

more common in intertidal or subtidal organisms, it appeared that the few planktonic 

species analysed generally possessed higher concentrations of MAAs than either, 

including the Antarctic krill Euphausia superba, which had the third highest MAA 

concentration measured across all 85 species. Shick et al. (1992) surveyed 13 coral 

reef holothuroids and also analysed specific tissues, such as the epidermis and 

reproductive structures. McClintock & Karentz (1997) surveyed 38 subtidal marine 

organisms from the Antarctic, finding a reduced diversity and abundance of MAAs 

compared with intertidal species. 
' _ _, 

The only systematic survey of UV-absorbing compounds in phytoplankton is that of 

Jeffrey et al. (1999) who surveyed the MAA content of 152 species (206 strains), 

although only 5 species were analysed by HPLC to determine the specific identity of 

the MAAs. However, since the algae were cultured in the absence of UV 

wavelengths, it is likely that the levels of MAAs observed in this study are 

unrealistically low. 

All these surveys examined multiple species, although often within a family or 

genus. To date there has been no survey of a single species over a wide geographical 

area. Variation in MAA content in a single species may reveal information on the 

variability of MAA concentrations and MAA flux through marine ecosystems. 
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Studies of dietary accumulation of MAAs have shown that under certain conditions, 

MAAs accumulate in body tissues. However, there is a danger of applying this 

laboratory-based information to ecological models of UV-resistance, as laboratory 

studies can often over-estimate the concentrations of MAAs due to consistent feeding 

free of competition. It is therefore important that comprehensive information on the 

MAA complement of a species in the field be known before that species be 

considered in ecological models ofMAA-mediated resistance to ultraviolet radiation. 

For this reason, surveys of MAAs in species at risk from enhanced UVB irradiance 

are necessary and desirable. 

The importance of Antarctic krill in the southern ocean ecosystem is well known and 

described (Miller & Hampton, 1989). Krill are a major consumer of algae, and 

because of this are an important pathway for MAA flux through the Southern Ocean 

ecosystem. Until recently, all that was known about MAAs in krill was that they are 

concentrated and diverse (Karentz et al., 199lb). Recent work has shown that krill 

accumulate MAAs from dietary algae in the laboratory (Newman et al., submitted), 

and that MAAs are unevenly distributed throughout body tissues (Newman et al., 

submitted). Krill are also known to be highly susceptible to UVB radiation in the 

laboratory (Newman et al., 1999) but there is currently no information on whether 

MAAs benefit krill in terms of protection from UVB radiation. 

To complement concurrent work on MAA accumulation in krill, the MAA 

concentrations of fresh-frozen krill from a large-scale survey were examined to 

determine if any patterns in MAA abundance are present, if MAA concentrations 

differ between sex or age, and if the relationship between MAA concentration and 

krill size could reveal any changes in MAA concentration over time. We also 

attempted to link patterns of MAA abundance in krill to patterns in algae collected at 

or near the same sites, in order to ascertain which algal classes contribute to the 

presence of particular MAAs in krill, and to investigate the possibility of using MAA 

concentration as a measure of short- or medium-term feeding activity. The 

information gained will provide a basis for understanding the role of MAAs in a key 

herbivore. 
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5.2 Materials and methods 

Capture of krill 

The area between 80°E and 150°E was surveyed from the RSV Aurora Australis 

from 29 January 1996 to March 1996 (Figure 5.1). The voyage was primarily 

designed for an acoustic survey of Antarctic krill and for an oceanographic survey of 

the waters of the shelf and continental slope region and consisted of 18 north-south 

transects. The transects are further described in Nicol et al. (2000a). 

A number of shallow trawls were made with a rectangular mid-water trawl net 

(RMT-8) with a mouth area of 8 m2 to collect live krill for shipboard experiments 

(Table 5.1). The net was fitted with a solid cod end with a 20-1 capacity and lowered 

into the water with the mouth closed, then opened at the required depth (which varied 

between 0 and 30 m), and was allowed to drift for 10 min before being closed and 

retrieved. Some of the trawls were carried out on near-surface aggregations observed 

on the echosounders. The live krill were immediately transferred to the onboard 

aquarium where they were maintained at 0°C or were transferred to the experimental 

facility for measurement of growth rates. 

The procedure of the growth experiment is described in detail by Nicol et al. 

(2000a). In summary, krill were kept in darkness in clear 250 ml jars with a 
' ,, 

continuous supply of uncontaminated seawater for periods of 1-5 days. Once animals 

moulted their exoskeleton, they were removed from the apparatus and frozen in 

liquid nitrogen. Upon return to the laboratory, the animals were defrosted, and 

measured for length using uropod length as an analogue for size (Buchholz, 1991; 

Nicol et al., 2000a). Their sex was determined (male, female or sexually immature 

juvenile) and they were frozen at -86°C until analysis in January 1999. 

MAA extraction and analysis 

Krill were selected randomly from frozen animals, freeze-dried over night and 

weighed. Moulted exoskeletons were not included in the analysis but retained for 

other work. MAAs were extracted from dried tissues by three serial extractions using 

1 ml of 80% methanol for one hour (Dunlap & Chalker, 1986). Following each 
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extraction period the methanol/tissue mixture was centrifuged at 3000 g for 15 

minutes and the supernatant decanted. This extraction was repeated twice. Aliquots 

of 1 ml were transferred into 1.5 ml Eppendorf tubes, dried on a Heto mini DNA 

vacuum centrifuge at room temperature and freeze dried to remove residual water. 

Dry extracts were stored at -86C0 until analysis. 

Table 5.1 Details of individual trawls including date, depth and position. 
See Figure 5.1 for location of sample sites. 

Date Time Latitude Longitude 
(1996) Site (GMTl Local time (oS! (oE) 

12Feb 5 18:41 2:41 64 14.06 10138.24 

12Feb 6 19:01 3:01 6414.34 10138.56 

14Feb 7 6:19 14:19 64 21.34 104 25.80 

14Feb 8 15:28 23:28 64 11.58 104 25.95 

16Feb 9 20:18 4:18 63 20.47 109 40.13 

24Feb 10 12:45 20:45 65 01.06 112 15.07 

27Feb 11 7:37 15:37 64 03.52 117 45.08 

27Feb 13 19:38 3:38 65 14.56 117 45.24 

27Feb 14 19:54 3:54 65 13.60 117 45.16 

4Mar 16 13:16 22:16 65 16.61 128 28.72 

8Mar 17 18:49 4:49 6445.03 133 52.07 

8Mar 18 23:32 9:32 65 07.54 133 54.99 

> 
., 

Dried extracts from Phaeocystis antarctica and krill in 1.5 ml Eppendorf tubes were 

reconstituted in 200 µl of 100% methanol and left to stand at room temperature for 

three hours, with vortex mixing at half-hourly intervals. The now concentrated 

extracts were then centrifuged at 20,000 g for 25 minutes to remove insoluble 

precipitates. 

We adapted a method used by Dunlap & Chalker (1986) and Karentz et al. (1991b) 

to identify and quantify MAAs. Known volumes between 3 and 10 µI were injected 

into a Shimadzu HPLC system using a Phenosphere C-8 reverse phase HPLC 

column (5 µm, 4.6 mm i.d. x 25 cm) and guard column (5 µm, 4.6 mm i.d. x 5 cm). 

The mobile phase consisted of 40% methanol, 59.9% water and 0.1 % acetic acid 
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delivered at a flow rate of 0.8 ml min-1
• The detection wavelengths were 313 and 

340nm. 

MAAs were identified using comparison of chromatographic retention times with 

known standards, co-chromatography, and comparison of 313 :340 nm detection 

wavelength ratios. The HPLC was calibrated using the method outlined in Appendix 

II. We used quantified standards extracted and purified from the zoanthid Palythoa 

tuberculosa (mycosporine-glycine, palythine, palythinol), the red alga Porphyra 

tenera (shinorine, porphyra-334) and from eyes of the coral trout Plectropomus 

leopardus (palythene and asterina-330). Mycosporine-glycine:valine was identified 

by co-chromatography with an authenticated sample from a krill extract prepared at 

Palmer Station (Dunlap et al., 1995) We used an HPLC system at the Australian 

Institute for Marine Sciences (AIMS) pre-calibrated for MAA analyses for the 

quantification of MAAs to prepare our standards. These standards were subsequently 

analysed on the Shimadzu system described above to transfer calibration. 

Since a quantified standard did not exist for mycosporine-glycine:valine, we 

analysed a crude extract of P. antarctica and recorded unadjusted peak areas. This 

same sample was dried and sent to AIMS, then reconstituted and analysed on a 

system externally calibrated for MAA analyses to achieve the intercalibration. 

Algal class abundance data 

Data on algal class present at each site was kindly provided by Dr. Simon Wright and 
' ., 

Rick van den Enden of the Australian Antarctic Division. The collection and analysis 

of these data is described in detail by Wright & van den Enden (2000). Seawater 

from different depths was collected by casts of CTD (conductivity, temperature, 

depth) meters, algae was filtered onto glass-fibre and extracted for HPLC analysis. 

HPLC data were processed using the CHEMT AX system (Mackey et al., 1996) 

which resulted in estimates of the concentration of chlorophyll a (mg m-2
) 

contributed by each algal class, integrated for the top 200m. 

Statistical analysis 

The gross MAA content and dry weight MAA concentration of the animals was 

compared with the sex of the krill (male, female or juvenile) using one- and two: way 

analysis of variance (ANOV A). The relationship between MAA concentration and 
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krill size (uropod length) was analysed using regression analysis. Uropod length was 

used because it can be measured from cast exoskeleton, making it an ideal measure 

for growth experiments. Data on body length is presented in terms of uropod length. 

A conversion between the two can be made using the following formula (Buchholz, 

1991): 

Lengthbody = (7.463 X Lengthuropod) + 2.149 

All regressions and ANOV As were performed using Systat 5.0 (Systat Inc.) for the 

PC and StatView 4.5 (Abacus Concepts) for the Macintosh. 

To establish effect of algal class on the identity and concentration of MAAs in krill, 

we used the BIOENV function of PRIMER V4.0 (Plymsolve, Plymouth Marine 

Laboratories, UK). This was achieved by performing a cluster analysis (using the 

CLUSTER routine of the same package) using a Bray-Curtis similarity coefficient 

and processing the results using BIOENV (no transformation, weighted Spearman 

coefficient) to find which "environmental variables", in this case, the relative 

abundance of different algal classes at or near each site, best explained variation in 

the content of individual and total MAAs in krill at each site. If krill trawls did not 

coincide with collection of algal data, the closest site was used if the trawls were on 

the same transect line. If the krill trawl did not occur on the same transect line as a 

CTD, no algal data were used for comparison. 

5.3 Results 

Krill were captured throughout the survey area (Figure 5.1). The concentration of 

MAAs in krill varied between sites (Figure 5.2a-c). The most abundant MAA was 

porphyra-334 which was present in all krill, followed by mycosporine-glycine:valine, 

which was present in low concentrations in the eastern sites. The next most abundant 

MAAs were shinorine, mycosporine-glycine, palythine, palythene, asterina-330 and 

palythinol. Variation was high between and among MAAs, but there was a general 

trend for MAAs to be more concentrated on the western legs of the survey. A cluster 

analysis of MAA concentrations in krill produced a dendrogram of similarity 

between sites based on MAA concentrations (Figure 5.3a). Using an arbitrary score 

of 92 (Bray-Curtis similarity index), the sites divided into four groups (Figure 5.3b): 
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the "far west" group (5, 7, 8), the "west" group (9, 10), the "middle" group (11, 14) 

and the "east" group ( 13, 16, 17, 18). The lowest similarity score between any two 

sites was 85.06. 

Figure 5.1 Location of survey sites. 
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-Numbers refer to-kr111 growth rate experiments pefforme-d at lhaf location 
(Nicol et al., 2000a). Sites details appear in Table 5.1. 
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The mean MAA concentration of sites pooled into their respective groups shows that 

there are high concentrations of MAAs in krill from western sites than those captured 

at eastern sites (Figure 5.4). A two-way ANOV A showed that the differences in 

concentration between site groupings were significant (Table 5.2). The observed 

significant two-way interaction is due to large differences in concentrations between 

MAAs. One-way ANOV As for individual and total MAAs showed significant 

differences between sites (Table 5.3). Most notably, porphyra-334, mycosporine

glycine, shinorine, mycosporine-glycine:valine, palythine and total MAAs were more 

abundant in western sites than in the east. 

Juvenile krill had higher tissue concentrations of MAAs than larger adult older krill 

(Figure 5.6). A two-way ANOV A showed that the sex/age of krill had a significant 

effect on MAA content, with a significant interaction between the sex/age and MAA 

identity (Table 5.4, Figure 5.6). A series of one-way ANOV As and subsequent 

Tukey HSD tests showed that juveniles have significantly more mycosporine-glycine 

and total MAAs than male or female adults, and significantly more palythene, 

porphyra-334 and shinorine than the sex with the lowest content of the particular 

MAA (Figure 5.6, Table 5.5). The remaining MAAs showed no significant 

difference between juveniles or adult males/females. 

The observed increase in MAA concentration in western regions is also seen when 

mean MAA concentration for a particular transect is plotted against longitude 

together with total algal abundance (in terms of chl a concentration) for similar 
' ., 

longitudes. Both variables appear to be higher in more western longitudes (Figure 

5.5a). 

Linear regression analysis of the relationship between krill size (uropod length) and 

MAA concentration showed that as krill became larger, MAA concentrations tended 

to decline (Figure 5.7), although the slope of the line and the strength of the 

relationship varied between MAAs (Table 5.6). Analysis of variance showed that all 

relationships except that between uropod length and mycosporine-glycine:valine 

were significant to varying degrees. 
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Table 5.2 Two-way ANOVA on the effect of group (east, middle, west, far west) and 
MAA type on MAA concentration in krill. 
Note two-way interaction. 

Source of variation df F p-value 

Group (east, middle, west) 2 104.99 <0.0001 

MAA 8 24.65 <0.0001 

Sex *MAA 16 5.49 <0.0001 

Error 837 

Table 5.3 One-way ANOV As on the effect of location on concentration of individual 
MAAs. 
Location is the grouping of sites (east, middle, west, far west). Legend:* 
denotes 0.05 < p < 0.005, ** denotes 0.005 < p < 0.0001, *** denotes p<0.0001. 
Bars indicate that linked categories (east, middle, west, far west) are not 
significantly different from each other. 

1-way ANOVA 

MAA F p-value 
>-

Asterina-330 10.39 <0.0001 *** 

M ycosporine-gl ycine 6.59 0.0004 ** 

M ycosporine-gl ycine: valine 7.39 0.0002 ** 

Palythene 3.73 0.0140 * 

Palythine 5.57 0.0015 ** 

Palythinol 14.93 <0.0001 *** 

Porphyra-334 5.38 0.0019 ** 

Shinorine 4.74 0.0040 ** 

TotalMAAs 8.37 <0.0001 *** 
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Figure 5.2 Mean concentration of MAAs present in krill caught at survey sites during 
January-March 1996. 

a) Top to bottom: mycosporine-glycine, mycosporine-glycine:valine, asterina-
330. 
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b) Top to bottom: palythine, palythene, palythinol. 
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Figure 5.2 (cont.) 
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c) Top to bottom: porphyra-334, shinorine, total MAAs. 
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Figure 5.3 Grouping of sites with similar MAA concentrations according to Bray
Curtis similarity score 

a) dendrogram of sites sorted into 4 groups using arbitrary similarity score of 
91; b) map of sample sites showing site groupings based on a cluster analysis. 
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Figure 5.4 Mean concentration of MAAs in krill from sites grouped according to 
cluster analysis. 

Columns marked with"•","+" or " .A." are not significantly different (Tukey 
HSD test, p<0.05). Results of ANOV A appears as (Table 5.3)) 
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Table 5.4 Two-way ANOV A on the effect of sex (male, female, juvenile) and MAA type 
on MAA concentration. 

Note two-way interaction. 

Source of variation df F p-value 

Sex (M, F, J) 2 21.12 <0.001 

MAA 8 103.21 <0.001 

Sex *MAA 16 5.93 <0.001 

Error 558 

a) 
120 60000 

6 Total Chi a Total MAAs ~ 

- 100 ~' - - -"l!ll.- - - - • 50000 )> 

E )> 
en 

coo -=0 80 40000 ::J 
>. C\J 3 ..c 0. 
0. 0 Q. e- 60 30000 co..'.. 0 C)l 

::C E 0. 
() Ol 

13 8 20000 ~ g 40 ---i------I E: 
20 10000 

6 

0 0 

90 °E 100 °E 110 °E 120 °E 130 °E 140 °E 150 °E 

Longitude 

7 
b) 

6 
..c 

5 -Ol 
c: 
Q) - 4 - E 

1'.J E 
8.- 3 e 
::J 2 

0 

90 °E 100 °E 110 °E 120 °E 130 °E 140 °E 150 °E 

Longitude 

Figure 5.5 a) Comparison of MAA concentration of krill and total algal abundance (by 
chlorophyll a concentration) with increasing longitude; b) mean size of krill 
(uropod length) for the same stations. 

Bars represent 1 standard error. Sample sizes appear above/below error bars. 
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Table 5.5 One-way ANOV A on the effect of sex (male, female, juvenile) on MAA 
concentration. 

In all cases, degrees of freedom = 2. Legend: ns = not significant, * denotes 0.05 
< p < 0.005, ** denotes,0.005 < p < 0.0001, *** denotes p<0.0001. 

1-way ANOVA 

MAA F p-value 

Asterina-330 2.07 0.1349 ns 

M ycosporine-gl ycine 11.82 <.0001 *** 

Mycosporine-glycine:valine 1.84 0.1669 ns 

Palythene 2.56 0.0854 ns 

Palythine 1.62 0.2045 ns 

Palythinol 1.75 0.1812 ns 

Porphyra-334 4.61 0.0136 * 

Shinorine 4.92 0.0104 * 

TotalMAAs 8.60 0.0005 ** 

Table 5.6 Coefficients and r 2 for regression analyses of MAA concentration vs. uropod 
length. 

Grouped in order of highest r 2 coefficients. (n=65 for all analyses) 

Regression analysis Analysis of variance 

MAA Coefficient Y -intercept rz F p-value 

Mycq_sporint:'.-glycine -325.8 2154.0 0.663 51.81 <0.001 *** 

Shinorine -214.9 1841.2 0.397 9.86 0.003 ** 

Palythine -88.19 635.6 0.345 8.53 0.005 ** 

TotalMAAs -1011.8 9253.9 0.311 28.26 <0.001 *** 

Mycosporine- -164.8 1362.2 0.294 2.66 0.108 ns 
glycine:valine 

Porphyra-334 -259.1 2981 0.159 16.39 <0.001 *** 

Palythinol -10.1 95.5 0.088 6.05 0.017 * 

Asterina-330 -17.7 212.6 0.074 5.01 0.029 * 

Palythene -47.1 397.9 0.068 4.63 0.035 * 
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Figure 5.6 Concentrations of MAAs in male, female and juvenile krill. 

Columns marked with "•" or "+" are not significantly different (Tukey HSD 
test, p<0.05). Graphs marked "n.s." showed no significant effect due to 
reproductive stage. Results of ANOV A appear in Table 5.5. 
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-During the krill- survey; some sites coincided- with sampling of -algae- while others 

were close by. The abundance of each algal class present at the same or similar sites 

(as mg m-2 integrated chlorophyll a) is presented and discussed in Wright & van den 

Enden (2000). The sampling sites chosen from this dataset are listed in 

Table 5.7. An additional column of data (Chlorophyll a fluorometry) refers to 

measurements of chlorophyll a measured by an in-line fluorometer at the site of 

capture. For the chosen sites, variation among and between algal classes is high, and 

there is no discernible pattern in algal abundance at sites where krill were captured. 

-However, across-the eritire survey, ·algae were generally more-abundant in-the 

western sector (Wright & van den Enden, 2000). 

Analysis using the BIOENV routine of PRIMER returned a very low maximum 

correlation (r = 0.122), suggesting that variation in dinoflagellates and haptophytes 

(group I) were the groups that together explained the most variation in krill MAA 

content. There was no other correlation between algal group and MAA at similar 

sites. Dinoflagellates ( dinophyceae) were the least abundant group observed in terms 

of integrated chlorophyll a while haptophyceae I was the second most abundant after 

bacillariophyceae (diatoms) (Wright & van den Enden, 2000). 

5.4 Discussion 

The MAA content of Antarctic~krill varied geographically, with krill generally 

showing greater concentrations of MAAs in the western part of the survey (Figure 

5.4). MAA concentrations were greater in juveniles than in adult male or females, 

and MAA concentrations decreased with krill body length. MAA concentration of 

krill does not correlate well with abundance of algae sampled at the same or similar 

sites, although the trend of increasing MAA concentration in western sites is similar 

to the trend in the algae data from the entire survey. 
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Figure 5. 7 Plots of the relationship between krill size and MAA concentration. 

Krill size calculated by conversion from uropod length after Buchholz (1991). 
Regression coefficients, r2 and ANOV A appear in Table 5.6. 
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Table 5.7 Details of sampling sites chosen from Wright & van den Enden (2000) 
dataset. 

Units are mg chlorophyll a m·2, integrated for top 200 m. Krill capture sites 
with no corresponding algal sampling sites are left blank in analysis • 

.. .... .... .. .. .. .... 
" 

.. .. " " ·! <:.; 

" 
.. 01 ;;.. ~ .. .. .. .. " <:.; .. <:.; 8 .. " ~ .::: .l:: .S ... ;;.. " .... i::i.. <:s 

<:.; .::: .S .S .::: " 0 :c ,...._ .. 
i::i.. ;;.. i::i.. c. 01 ·;;: s 0 .::: .s i::i.. i::i.. 0 .c .s uu 0 c: i::i.. .s .s .. 0 

-,.;i <:s .. ·i;i 0 c. 0 c: 
~ IGR .. c: .... c. i::i.. :c 01 ~~ - § .. s .. .. .. C .. .::: e:: 

Site ll. u = = u = r;...~ u~ 

5 112 1.40 2:49 . 1;48 ·1.69 . 0·58 0.67 24.41 - -33:88 '25.27 

6 1.12 1 40 2.49 148 169 058 0.67 24.41 33.88 49.59 

7 3.11 1.34 2.90 3.57 2.48 1.54 0.65 42.25 57.88 57.88 

8 3.07 0.89 202 2.44 2.42 1.40 0.82 3650 4959 49.59 

9 29.22 

10 1 75 0.29 1 11 5.27 6 85 0.19 0.03 8.976 24.50 24.5 

11 43.8 

13 0.55 070 2.23 13 71 3.94 1.16 1.87 5420 78.46 59.22 

14 0.55 0.70 2.23 13 78 394 1.16 1.87 54.20 78.46 59.22 

16 1.66 035 1.39 5.17 5 41 0.62 074 13.84 2922 29.22 

17 21.61 

18 15.05 

The cluster analysis of MAA content alone divided the sites into four geographically

consistent ·groups, -using an arbitrary {Bray-Curtis )-similarity-score ·of -92. This 

implies that there are non-random site-to-site differences in MAA concentration. 

However, since the lowest similarity score of 85.06 is still quite high, it appears that 

differences in MAA content, while present, did not vary greatly. Most krill examined 

had a full complement of 8 different MAAs, although approximately one-third of 

krill lacked the minor MAA palythene (Figure 5.7). 

While multivariate analysis of the effect of abundant sympatric algae on MAA levels 

in krill revealed little (discussed further below), the trend of higher MAA 

concentrations in krill captured in westerly sites is matched by trends in the complete 

survey of algal communities, which measured an increased abundance of most 

classes of algae in the western sites of the survey. This is probably responsible for 

the observed increase in MAA concentrations in krill from western sites (Figure 
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5.5a), despite the observation that krill were slightly larger in eastern sites (Figure 

5.5b; Nicol et al., 2000a), which may make some contribution to increased tissue 

concentration of MAAs in western sites, based on relationships presented by the 

present study (Figure 5.7). This is evidence for dietary accumulation of MAAs 

(Carroll & Shick, 1996), in that krill feeding in areas of high algal abundance will 

consume more algae and therefore more MAAs, leading to increased body 

concentrations. 

The survey from which these samples were obtained found that many biological 

factors followed the pattern of abundance in the west and scarcity in the east. Krill 

density and growth, phytoplankton and zooplankton abundance, whale sightings, bird 

sightings and primary production were all greater East of 115°E. While it is possible 

that the east-west differences may be due to seasonal differences from summer to 

autumn, it is more likely that they are due to major regional differences in water 

circulation (Nicol et al., 2000b). 

The biological factor most likely to be related to MAA concentration in krill is 

chlorophyll a concentration, an index of phytoplankton abundance. This factor is 

closely related to distribution and circulation of water masses (Nicol et al., 2000b). 

The persistently high concentrations of chlorophyll a in coastal waters during March, 

and lower values offshore, suggest that colder coastal waters are very productive. 

Krill feeding on such productive waters are likely to accumulate high concentrations 

of MAAs due to increased algal density and productivity. However, it is possible that 
> _, 

MAA concentration in algae (and therefore in krill) is seasonally affected. Levels of 

visible and ultraviolet light in Antarctica are higher in summer than in autumn 

(Prezelin et al., 1994), and this seasonal change may have resulted in a decrease in 

production of MAAs in algae and therefore krill. 

The finding that MAAs are most concentrated in juveniles is interesting, given that 

MAAs are known to play a role on reproduction in fungi (Arpin & Bouillant, 1981), 

although there is no evidence of such a function in animals. Although gravid and 

spent females were collected, insufficient numbers were available to allow 

comparison of MAA levels. It is possible that variation in the geographical 

distribution of different life stages of krill may have an effect on observed MAA 

concentrations, but insufficient numbers of life stages other than late-juvenile and 

adults were collected. In addition, eggs and larvae were not available for analysis. 
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Therefore, based on available evidence, it is more likely that this observed 

relationship in krill is due to a size-dependent relationship rather than a sex/maturity

d_ependent relationship. 

This relationship is best explained by the loss of MAAs by metabolism, excretion or 

photodegradation at a faster rate than uptake from algae. In addition, smaller animals 

may feed faster than larger animals in order to allow growth. This would lead to 

increased intake of MAAs. As krill become larger, their dietary intake decreases 

proportionately, and MAAs are not absorbed as quickly. An alternative hypothesis is 

that as krill become larger, they may rely more on a low-MAA diet of zooplankton 

rather than a high-MAA diet of single-celled algae. This may lead to a decrease in 

MAA input into adult krill and resulting lower body concentrations. However, 

accumulation of high concentrations of MAAs in dietary zooplankton may remove 

this difference in MAA content between diets. 

Of all the regression analysis carried out, the highest regression coefficient (r2 = 

0.6627, n = 65) and steepest slope was observed was in the relationship between 

mycosporine-glycine concentration and krill size. Concentrations of this MAA 

declined as the animals became larger, and above a certain size (body length, 48 mm) 

had negligible concentrations. While other MAAs show this decline in concentration, 

the r2 values are not as high and the "cut off' evident in mycosporine-glycine 

concentrations is not seen. 

Krill tissues vary in their af£inity for certain MAAs, Specifically, krill tissues have 

little affinity for mycosporine-glycine whereas asterina-330 is found solely in eye 

tissues (Newman et al., submitted). However, the high concentrations of 

mycosporine-glycine in juvenile krill may suggest that there is a large amount of this 

MAA in the krill from an early life-stage. A similar concept has been demonstrated 

by Carefoot et al. (1998) who found that mycosporine-glycine was the dominant 

MAA in eggs of Aplysia dactylomela (Sea Hare). It is therefore possible that as a 

krill grows and ages, mycosporine-glycine is used up as an anti-oxidant (Dunlap & 

Shick, 1998) at a faster rate than it can be replenished, either by dietary accumulation 

(Carroll & Shick, 1996) or biochemical conversion (Shick et al., 1999; Stochaj et al., 

1994). 

The BIOENV analysis found that no particular algal group was dominant in 

influencing the MAA content of krill. The maximum correlation returned indicated 
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that diatoms and haptophytes group I (not including the abundant Phaeocystis 

antarctica) had the greatest influence on MAA content, although the influence 

appeared to be very weak (r = 0.122). This suggests that, in the short-term, local 

abundance of algae has a minimal effect on MAA content of krill. However, possible 

grazing effects (Wright & van den Boden, 2000; Weber et al., 1986) may have led to 

reduced algal abundance at krill capture sites, which in tum may explain the failure 

of the multivariate analysis to find any correlation between algal abundance and 

MAA concentration. The trends evident in the algae and MAA data (higher 

concentrations in western sites, Figure 5.5a) suggest that the MAA data set and 

analysis were inadequate to this task. 

Another complicating factor may be that krill can retain MAAs in their tissues for 

some time (Newman et al., submitted), even under conditions of starvation. Thus, 

retention of MAAs from algae consumed some time ago may mix with newly

absorbed MAAs to-form.the.little-varying MAA complement generally observed in 

krill from this survey. Krill are also known to eat smaller species of zooplankton 

(Perissinotto et al., 2000) and even each other, all of which would provide an 

alternative source of MAAs, possibly in a pre-accumulated and concentrated form. 

It was initially hoped that this section of the work would provide a means to 

determine the diet of krill and a measure of short- or medium-term feeding activity, 

This is desirable because chlorophyll a the alternative subject for an assay, is quickly 

broken down in the gut (Daly, 1990). However, it appears that MAAs are retained in 

tissues for too long to provide any useful measure of short-term algal feeding. Also, 

the MAA complement of krill is highly dependent on the MAA content of dietary 

algae (Newman et al., submitted), which in turn has been shown to be highly 

dependent on not only the species (Dunlap et al., 1995; Karentz et al., 199lb), but 

also the amount of UV from solar radiation that the alga has received (Helbling et al., 

1996; Helbling et al., 1994). Thus, these complicating factors do not allow MAA 

content of krill to be interpreted as an index of long- or short-term feeding. 

Krill are voracious feeders with a highly varied diet rich in MAAs, and are able to 

selectively sequester MAAs and store them throughout the body (Chapter 4; Chapter 

6). The primary role of MAAs in organisms other than fungi is still unknown, but it 

is possible that krill are utilising their secondary function of UV-absorption, based on 

available evidence that some compounds are actively retained and partitioned to 
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certain krill tissues. If this is the case, then the variation in MAA concentration seen 

throughout the survey suggests that the susceptibility of krill to UV radiation may 

vary geographically, most likely according to availability of phytoplankton. This 

adds another factor to considerations of planktonic susceptibility to UV, in that poor 

productivity of phytoplankton may lead to minimal MAAs in the ecosystem. This 

may lead to a lack of MAAs in higher consumers, such as that seen in krill in the 

eastern sites of the survey. Such a lack may cause an increase in susceptibility of 

zooplankton consumers to UVB radiation, especially if it coincides with a period of 

sustained ozone depletion. 
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6 Variation in the distribution of UV-absorbing 
mycosporine-like amino acids in Antarctic krill 

Abstract 

Antarctic krill (Euphausia superba) are of vital trophic importance in the Southern 

Ocean ecosystem. Krill possess high tissue concentrations of ultraviolet radiation

absorbing mycosporine-like amino acids (MAAs) that are derived from dietary 

phytoplankton. These MAAs may protect krill from growing levels of ultraviolet-B 

(UVB) radiation in Antarctic waters. 

We investigated the location of MAAs within krill tissues after feeding on 

Phaeocystis antarctica (Hariot Lagerheim) grown under white light with or without 

UV AIB radiation, which had a significant effect on the composition of constituent 

MAAs. In addition, we analysed fresh-frozen krill to compare tissue heterogeneity of 

MAAs between laboratory-maintained krill and freshly-caught krill. MAA 

concentrations are highly heterogeneous throughout tissues of laboratory-maintained 

krill, with highest concentrations in the eye for all MAAs except mycosporine

glycine. Tissues of krill maintained on different diets for 1 week did not differ in 

MAA concentration or complement. Field-caught krill had high total MAA 

concentrations (8360 ± 1103 nfuol i 1 approx. dry wt) compared with laboratory

maintained krill (6110 ± 787 nmol g-1approx. dry wt.). It appears that certain MAAs 

are selectively transported to specific tissues, most notably to the eyes. This implies 

the presence of an active transport mechanism and variation among tissue affinities 

for accumulation of specific MAAs. 
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6.1 Introduction 

There is,now abundant evidence that enhanced UVB (280-320 nm) and UVA (320-

400 nm) radiation due to stratospheric ozone can have harmful effects on marine and 

freshwater organisms at biologically significant depths (up to 20 m) (Booth & 

Morrow, 1997; Smith & Balcer, 1979; Williamson & Zagarese, 1994; Worrest & 

Hader, 1997) and can disrupt trophic interactions within aquatic ecosystems 

(Bothwell et al., 1994). Pelagic phytoplankton have developed a number of adaptive 

strategies to reduce the damaging effects of UVB radiation, including DNA repair 

enzymes (Buma et al., 1997; Karentz et al., 1991a; Scheuerlein et al., 1995), 

production of antioxidants (Miyake et al., 1991; Vincent & Roy, 1993) and synthesis 

of UV-absorbing compounds (Carre to et al., 1990; Riegger & Robinson, 1997). 

In contrast to phytoplankton, fewer studies have examined the effects of 

environmental UVR on zooplankton, the primary consumers of algae. The effects of 

UVR on zooplankton production were examined in the early 80s following the 

discovery of ozone depletion (Damkaer & Dey, 1983; Damkaer et al., 1981; 

Darnkaer et al., 1980; Hunter et al., 1979; Hunter et al., 1981; Hunter et al., 1982; 

Hyodo-Tagachi, 1982; Karanas et al., 1981; Ringelberg et al., 1984). After nearly a 

decade of limited research activity, investigation on the effects of enhanced UV on 

pelagic zooplankton trophodynamics is being re-examined (Beland et al., 1999; 
} _, 

Kouwenberg et al., 1999a; Kouwenberg et al., 1999b; Tartarotti et al., 1999; Vetter 

et al., 1999; Zagarese et al., 1998). 

Antarctic krill (Euphausia superba) is a voracious primary consumer (Perissinotto et 

al., 2000; Quetin & Ross, 1991), a common prey for higher-level predators (fish, 

squid, birds, seals and whales) and reportedly accounts for -50% of the total 

- zooplankton/micronekton-st0ck (Holm-Hansen &-Huntley, -1984), Krill form-an 

important part of the Southern Ocean ecosystem, and their ability to avoid and/or 

tolerate UV is only beginning to be examined (Malloy et al., 1997; Newman et al., 

1999). 

A survey of 48 species of Antarctic marine invertebrates near Palmer Station, East 

Antarctica, found that krill had the third highest body concentration of total MAAs 

(Karentz et al., 1991 b) and has been observed to share MAA components with that 
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of sympatric phytoplankton (Dunlap et al., 1995), which is consistent with the MAAs 

having a dietary origin. Also, McClintock & Karentz ( 1997) conducted a survey of 

sub tidal marine organisms near McMurdo station, West Antarctica, finding high 

concentrations of MAAs in the ovaries and testes of Sterechinus neumayeri, 

suggesting that the planktonic eggs need protection from UVB radiation once 

released from the gonads. In addition, Newman et al. (In press) showed 

experimentally that the MAA content of krill is heavily dependent on the MAA 

content of ingested algae, in this case P. antarctica. The distribution of MAAs 

between krill tissues remains unknown. 

A dietary origin of MAAs in marine organisms lacking algal symbionts was first 

suggested by Chalker et al. (1988) observing similar MAAs in tissues of the crown

of-thoms starfish Acanthaster planci and that of the corals in their diet. Since then, 

MAAs have been shown to accumulate in specific tissues, such as the eyes of fish 

(Dunlap et al., 1989; Mason et al., 1998) and the spawn of the mollusc Aplysia 

dactylomela (Carefoot et al., 1998). 

Also, holothurians (sea cucumbers) have been found to acquire MAAs from the 

epiflora of coral sands (Shick et al., 1992), where it was also noticed that the most 

abundant MAA (asterina-330) accumulated in epidermal tissues was absent in the 

shinorine-dominated algal diet. Subsequently, a metabolic pathway was discovered 

for the conversion of imino-mycosporine to mycosporine-glycine by gut bacteria, 

while the conversion of mycosporine-glycine to asterina-330 is thought to involve in . _, 

vitro reanimation of the compound with endogenous pools of ethanolamine (Dunlap 

& Shick, 1998). Whether mycosporines have some other metabolic function is still 

not known, however evidence for a UV-protective function in algae (Neale et al., 

1998) and in the eggs of sea urchins (Adams & Shick, 1996) is compelling. 

No information currently exists on the fate of MAAs ingested in the food of krill. In 

this study we use HPLC to examine the presence and concentration of UV-absorbing 

mycosporine-like amino acids in different parts of the body of Antarctic krill, to 

determine if these compounds are actively transported to certain tissues or passively 

sequestered by diffusion. 
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6.2 Materials and methods 

Collection and maintenance of krill 

On 2 April 1999, approximately 500 Antarctic krill were collected from 64 ° 17" S, 

105° 38" E, near Casey Station, Antarctica, using a RMT-8 net (rectangular mid

water trawl net, mouth area 8m2
) and maintained in tanks aboard RSV Aurora 

Australis. On 21 April the krill were transferred to holding tanks at the Australian 

Antarctic Division, Kingston, Tasmania. 

Krill were maintained in a high-capacity biofilter system operating at 0°C (± 0.5°C) 

for five months, on an occasional mixed diet of Geminigera cryophyllum , 

Phaeodactylum tricornutum and Pyramimonas sp .. Salinity was 33 parts per 

thousand (± 1.0 ppt). A mortality rate of approximatelyl0% occurred within 10 days 

of transfer to the aquarium, however, mortality rates subsequently remained low 

(<1 % per week) 

On 7th October, 48 krill from the above collection were placed in separate plastic 2 

litre jars with fresh 0.45 µm filtered seawater at 0.5°C. The krill were divided into 

three groups, according to diet: the "PAR+UV A/B'' group was fed P. antarctica 

grown under UV i~adiation + PAR, while the "PAR only" group was fed algae 

cultured only under photosynthetically active radiation (PAR) (Table 6.1). The 
' ~ 

"starved" control group was not fed. 

In order to ascertain the starting MAA concentrations of the stock animals, four 

additional krill from the stock were removed and analysed for MAAs as described 

below. Three days post-feeding, 8 krill from each group were removed and analysed. 

The remaining 8 krill were sacrificed 7 days post-feeding. 

After removal, animals were immediately sacrificed by asphyxiation ex vitro. They 

were weighed, measured for length using a standard measurement (from the tip of 

the uropod to the rostrum), and dissected into 5 tissue groups: eyes, head, thorax, 

tail/abdomen and digestive gland. These dissected parts were placed in pre-weighed 

1.5 ml Eppendorf centrifuge vials and weighed again to establish the wet weight of 

the tissue. 
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Eleven krill used to examine the heterogeneity of MAA concentrations in freshly

caught wild animals were collected on the BROKE '96 survey (Nicol et al., 2000a) 

from January to March 1996. Sampling locations varied along a series of transects 

from 63°S to 66°S, along the East Antarctic coast from 80°E to 146°E. Following 

capture, the eleven krill examined were kept in ventilated jars bathed in a continual 

fresh sea water supply for 2-3 days until they moulted. Moulting animals were then 

immediately frozen in liquid nitrogen and transported back to Australia, where they 

were defrosted for half an hour, measured, and refrozen at-86°C until their use in 

the present study. Animals were dissected as described above, apart from the 

digestive gland, which had disintegrated due to repeated defrosting. In these animals, 

the shed exoskeleton, which was retained as part of the growth measurements, was 

analysed for MAAs. 

Growth of Phaeocystis antarctica 

Phaeocystis antarctica was chosen to be the dietary algal species on previous 

evidence that krill will consume and survive well on Phaeocystis spp. in captivity 

(Virtue et al., 1993) and in the wild (Haberman et al., 1993). Phaeocystis species 

(principally P. antarctica) are highly abundant in the Antarctic environment, and 

form blooms at the ice edge during spring (Fryxell & Kendrick, 1988; Garrison et al., 

1987; Karentz & Spero, 1995; Marchant et al., 1991; Riegger & Robinson, 1997) 

when solar irradiance and water clarity are high, and krill are feeding (Hamner et al., 

1983; Holm-Hansen & Huntle~, 1984). Furthermore, a pilot study showed that P. 
> 

antarctica produces different MAAs in response to different wavelengths (Appendix 

n. 

Cultures of P. antarctica (strain Al.3, Australian Antarctic Division culture 

collection) were grown in GP5 media-in 600 ml polystyrene Ilasks exposed to one of 

two treatments; PAR only, or a combination of PAR+UV AIB (Table 6.1). Light 

levels were measured using a Solar Light PMA 2100 with UVA, quantum (PAR) and 

erythemal (UVB) sensors, filtered by a sheet of the same plastic of which the culture 

vessels were constructed, and cultures were mixed daily. 

- In order to ensure that animals were fod equal amounts or algae, we standardised the 

two diets according to the method of Riegger & Robinson (1997). Using an 

extraction method adapted from Dunlap et al. (1995), we took methanol extracts of 
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the cultures and spectrophotometrically determined chlorophyll a content and 

compared levels of UV-absorbing compounds. We did not take cell counts because 

of inaccuracies caused by the colonial habit of P. antarctica. We assumed that the 

concentration of chlorophyll a ceU-1 remained constant through the growth period. 

On the day of feeding, 40 ml of each culture was centrifuged for 20 minutes at 400 g, 

and the supernatant media discarded. The residual pellet of algae was extracted for 

one hour with 3 ml of 100% methanol, suspended insoluble material was removed by 

centrifugation, and UV/visible spectra recorded with a GBC scanning 

spectrophotometer. Cell counts were not made because of the colonial habit of P. 

antarctica. 

Absolute concentrations of chl a were calculated using the peak absorbance value at 

663 nm (refer to Results, Figure 4.1 for an example) and an extinction coefficient of 

79.95 g/l/cm (Jeffrey & Welschmeyer, 1997). In all cases, the chlorophyll a 

concentration was greater for the PAR only treatment than for the PAR+UV A/B 

treatment. The UVB culture was divided evenly among UVB group krill, all of 

which received 200 ml of culture. The volume of algal culture given to each krill in 

the PAR group was reduced by the fraction of the chlorophyll a peak of the UVB 

treatment divided by the chlorophyll a peak of the PAR only treatment. The starved 

(control) group of krill received no food. 

Extraction of MAAs from krill 

' _, 

MAAs were extracted from tissues by three serial extractions using 1 ml of 100% 

methanol for one hour (Dun_lap & Chalker, 1986). Following each extraction period 

the methanol/tissue mixture was centrifuged at 3000 g for 15 minutes and the 

supernatant decanted. This extraction was repeated twice. Aliquots of 1 ml were 

transferred into 1.5 ml Eppendorf tubes, dried on a Heto mini DNA vacuum 

centrifuge at room temperature and freeze dried to remove residual water. Dry 

extracts were stored at -86C0 until analysis. 

Water content of different tissues 

We determined the water content of different krill tissues in order to provide an 

approximate dry weight measurement based on collected wet weight data, allowing 

comparison with published data. Ten live krill from the population described above 

110 



MAA partitioning in krill tissues 

were immediately sacrificed by asphyxiation and dissected into the same tissue 

groups as for MAA analyses, namely, eyes, head, thorax, tail/abdomen and digestive 

gland. Moults were not available from laboratory-maintained krill. The portions were 

weighed, then snap-frozen in liquid nitrogen and freeze-dried for 24 hours. Once dry, 

portions were re-weighed, and water content for each portion was calculated as the 

percent difference in weight; approximate dry weights were calculated from this 

conversion data. 

HPLC analysis of MAAs 

Dried extracts of P. antarctica and krill were reconstituted in 200 µl of 100% 

methanol and left to stand at room temperature for two hours with vortex mixing at 

1/2 hour intervals. The re-suspended extracts were centrifuged at 20000 g to 

precipitate salts and other insoluble material. Known volumes of between 3 and 10 µl 

were injected into a Shimadzu HPLC system utilising a Phenosphere (5µ) C-8 

reverse phase HPLC column (4.6 x 250 mm) with a Phenosphere (5µ) C-8 (4.6 x 50 

mm) guard column; the mobile phase consisted of 40% methanol, 59.9% water and 

0.1 % acetic acid delivered at a flow rate of 0.8 ml min-1
• Integrated peak areas were 

determined at detection wavelengths of 313 and 340nm. 

MAAs were identified by co-chromatography with prepared standards and 

comparison of 313:340 wavelength ratios. Calibration was carried out using the 

method described in Appendix II. Quantified standards were extracted and purified 
) ... 

from the following organisms: the zoanthid Palythoa tuberculosa (mycosporine-

glycine, palythine, palythinol), the red alga Porphyra tenera (shinorine, porphyra-

334) and ocular lenses of the coral trout Plectropomus leopardus (asterina-330 and 

palythene ). Secondary calibration of these extract standards was achieved by HPLC 

analyses from primary calibration of MAAs determined at the Australian Institute of 

Marine Science (ATh1S). Validation and secondary calibration for mycosporine

glycine:valine was conducted at ATh1S using an authenticated sample from a dried 

krill extract prepared from a previous study at Palmer Station (Dunlap et al., 1995). 

MAA concentrations were calculated using an estimation of dry weight, based on the 

water content determined for each organ or tissue group. 

111 



MAA partitioning in krill tissues 

Statistical analysis 

Data were tested for normality to ensure that they satisfied the D' Agostino-Pearson 

K2 test to the P > 0.1 level and analysed by two- and three-way analysis where 

appropriate, using StatView 4.5 for the Macintosh (Abacus Concepts) and Systat 5.0 

for the PC (Systat Inc). Where significant effects were observed, Tukey Honestly 

Significant Difference post-hoe tests were used to identify differences between cell 

means (Zar, 1996). 

6.3 Results 

MAA extraction efficiencies and determinations of tissue water content 

Tests of extraction efficiency showed that 97% (± 0.6%) of MAAs were extracted in 

the first three extractions, therefore a 3% correction factor was applied to all MAA 

concentrations. Water content of different body tissues ranged from 74.3% to 79.6%, 

with a mean of 77.2 ± 3.4 (SD) (Table 6.2). Although superficially similar, there 

were significant statistical differences between two groups: the thorax, head and tail 

sections had a higher water content than the digestive gland and eyes (Table 6.2). All 

MAA concentrations were converted to an approximate dry weight based on the 

water content of the corresponding body tissue. 

MAA concentration of Phaeocystis 

The MAA content of P. antarctica varied according to whether it was grown under 

PAR only or PAR+UV A/B (Figure 6.1). The four major MAA components in P. 

antarctica showed different trends in the experimental treatments. There were greater 

amounts of porphyra-334 in the PAR (only)-treated algae, whereas there were twice 

as much shinorine and significantly greater amounts of mycosporine-glycine:valine 

in P. antarctica grown under PAR+ UV A/B. More total MAAs were available to 

krill in the PAR+UV A/B group (4741 µg) than in the PAR only group (3523 µg). 

Krill fed algae grown under PAR+UV A/B were fed 200 ml of culture, whereas the 

krill fed algae grown under PAR only were received 170 ml. Absolute concentrations 

of chlorophyll a in the PAR-only culture was 412.l ng ml-1, and 352.4 ng ml-1 in the 

PAR+UV A/B culture. 
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Table 6.1 Irradiation of each algal treatment. 
Algae irradiated with a 12:12 (light:dark) photoperiod 

Treatment 

PAR+UVA/B 

PAR only 

Wavelength range 
(nm) 

280-320; UVB 

Irradiance (W m"2
) 

6.42 x 10·2 

320-400; UV A 5.06 

400-700; PAR 10.5 

280-320; UVB 

320-400; UV A 

400-700; PAR 11.0 

Table 6.2 Water content of various krill tissues. 
One-way ANOV A on the effect of tissue type on on %age water content shows a 
significant effect @=4, F-ratio=16.926, J.!<0.0001). Tissue names joined by lines 
are not significantly different (Tukey HSD test, p>0.05). D. gland = digestive 
gland. Sample size = 10. 

Head 

Mean %water 79.66 

SD 0.87 

Thorax 

78.83 

0.47 

Tissue 

Tail 

78.83 

0.82 

MAA concentration of laboratory-maintained krill 

Eyes 

74.54 

4.66 

D. gland 

74.34 

1.16 

According to a three-way ANOV A, prior UV irradiation of food and date of sacrifice 

had no statistically significant effect on concentration of total and individual MAAs 

in body parts of fed krill (Table 6.3). However, body part had a strongly statistically 

significant effect on MAA concentration (Table 6.3). Distribution of MAAs 

throughout the body was highly heterogeneous but appeared to be most concentrated 

in the eyes (Figure 6.2, Table 6.3). 

The most abundant MAAs in tissues of laboratory-maintained krill were 

mycosporine-glycine:valine, porphyra-334, and shinorine (Figure 6.2), and all three 
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had similar patterns of distribution. The highest concentrations of MAAs were 

measured from eye tissues, followed equally by the thorax and head, then by the 

digestive gland and the tail. Mycosporine-glycine (Figure 6.2) was found in roughly 

equal concentrations throughout the body, but was significantly less concentrated in 

the digestive gland (according to a post hoe Tukey test, Table 6.3). Apart from traces 

in tissues in the thorax segment, asterina-330 was found only in the eyes (Figure 6.2). 

No traces of asterina-330 were found in head and tail segments or in the digestive 

gland. 
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Figure 6.1 MAA concentration of P. antarctica culture grown under either PAR only or 
PAR+UVA/B. 

Krill fed 170 ml of PAR only culture compared with 200 ml PAR+UV A/B 
culture. Note that algae grown under PAR only has more total MAAs. 
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Figure 6.2 Concentrations of the five measured MAAs in tissues of starved krill, krill 
fed MAA-rich and MAA-poor algae, analysed at 3 and 7 days post-feeding. 

MAAs measured were mycosporine-glycine:valine, porphyra-334, shinorine, 
mycosporine-glycine and asterina-330. Note different scales on y-axes. (n=8 for 
each treatment). 
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Table 6.3 Three-way ANOV A of effect of MAA and tissue on concentration of MAAs in 
laboratory-maintained krill. 
Includes Tukey post-hoe tests. Note: Bold and underlined values indicate 
statistical significance. Sample size = 8 for each diet. 

-Source df F-Tatio p--vatue Comments 

MAA 4 124.93 <0.0001 Strongly significant effect of MAA 

Tissue 4 125.95 <0.0001 Strongly significant effect of tissue 

Diet 4 1.44 0.217 No effect of diet 

Interaction explained by: 

MAA x tissue 16 21.52 <0.0001 Affinity of different tissues for 
different MAAs 

MAAxdiet 16 5.391 <0.0001- Strongly significant effect of MAA 

Tissue x diet 16 0.342 0.992 No interaction 

MAA x tissue x diet 64 0.445 1.000 No interaction 

Error 350 

Tukey Honestly Significant Difference Test. Categories joined by lines are not significantly 
different (p>0.05). Tissues ranked from left to right in decreasing order of magnitude. 

MAA Tissue 

M ycosporine-glycine:valine Eye Head Thorax Tail D. gland 

Porphyra-334 Eye Head Thorax Tail D. gland 

Shinorine Eye Head Thorax Tail D. gland 

M ycosporine-gl ycine Thorax Head Tail Eye D. gland 

Asterina-330 Eye ASTERINA-330 FOUND ONLY IN EYES 

MAA concentration of wild-caught krill 

Heterogeneity of MAA concentrations in frozen, wild-caught samples was broadly 

similar to that of laboratory-maintained krill (see above). However, unlike 

laboratory-maintained animals, porphyra-334 dominated in wild krill, followed by 

shinorine, mycosporine-glycine:valine, mycosporine-glycine, palythine, asterina-330 

(Figure 6.3), palythinol and palythene (Figure 6.4). 
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Figure 6.3 Concentration of six major MAAs in tissues of frozen, wild-caught krill. 

MAAs measured were porphyra-334, mycosporine-glycine:valine, shinorine, 
mycosporine-glycine, palythine and asterina-330. Bars = SE (n = 11). 
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Again, the eyes consistently contained the highest concentration of MAAs, although 

the difference was less pronounced than for the fed krill. A two-way ANOV A 

revealed a significant effect of MAA identity and tissue (Table 6.4 ). Tukey Honestly 

Significant Difference post hoe tests detected no significant difference between the 

head and the eyes for palythine and porphyra-334 (Figure 6.3, Table 6.4), although 

for all other MAAs were most concentrated in the eyes. For most MAAs, the head 

had the next highest concentration of MAAs, followed by the thorax and the tail 

section, while moulted exoskeletons had negligible concentrations of MAAs (Figure 

6.3-4), assuming an efficient extraction from the chitin matrix. 
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Figure 6.4 Concentration of two minor MAAs in tissues of frozen, wild-caught krill. 

MAAs measured were palythene and palythinol. Bars =SE (n = 11). 
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6.4 Discussion 

Heterogeneity in the tissue distribution of MAAs appears less pronounced in wild 

krill than in laboratory-maintained krill, especially for porphyra-334 and shinorine. 

This may be caused by thawing and re-freezing during sample manipulation prior to 

analyses. Even though thawed for only a short period, cell membranes and tissues 

may have been ruptured during the treatment allowing diffusion of water-soluble 

MAAs to occur between tissues, especially from the eyes. 

The poor condition of the digestive gland in frozen and re-frozen wild krill did not 

permit measurement ofMAAs. We examined the moulted exoskeletons from wild 

krill used to determine growth characteristics, and found negligible quantities of all 

MAAs. Although there has been no report on the UV transparency of crustacean 

exteriors, tunicate, limpet, sea star and sea urchin integuments have been found to 

have varying, but significant, degrees of UV transparency (Karentz & Gast, 1993). 

-The sti.Idy of the anatomy and-physiology of AntaretiC Kiill has involved many 

variables to describe the size and state of krill. Body weight has always been an 

important indicator of krill size where accurate measures of length have not been 

possible. Morris et al. (1988) have shown that there is variation in the water content 

of krill analysed from various locations, and results can vary across methods of 

measurement, although no reported studies have examined the water content of 

individual body components. This is important given that the most reliable 

calculations of MAA concentrations are based on dry weight. In some circumstances 

however, drying is not possible or practical prior to analyses. As such, it was 

necessary to examine the water content of different parts of krill and apply a 

correction factor to MAA concentrations in order to enable comparisons with prior 

published data. 
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Table 6.4 Two-way ANOV A of the effect of MAA and tissue on concentration of MAAs 
in wild-caught krill. 
Includes Tukey tests. Sample size = 11. Note: Bold and underlined values 
indicate statistical significance 

Source df F-ratio p Comments 

MAA 7 76.93 <0.0001 Strongly significant effect ofMAA 
identity 

Tissue 4 62.63 <0.0001 Strongly significant effect of tissue 

MAA x tissue 28 21.52 <0.0001 Interaction explained by affinity of 
different tissues for different MAAs 

Error 400 

Tukey Honestly Significant Difference Test. Categories joined by lines are not significantly 
different (p>0.05). Tissues ranked from left to right in decreasing order of magnitude. 

MAA Tissue 

M ycosporine-glycine:valine Eye Head Thorax Tail Moult 

Porphyra-334 Eye Head Thorax Tail Moult 

Shinorine Eye Head Thorax Tail Moult 

Mycosporine-glycine Eye Head Thorax Tail Moult 

Asterina-330 Eye Head Thorax Tail Moult 

Palythine Eye Head Thorax Tail Moult 

Palythinol Eye Head Thorax Tail Moult 

Palythene Eye Head Thorax Tail Moult 

We originally intended to produce high-MAA and low-MAA diets by growing 

Phaeocystis under PAR only to inhibit MAA formation, and under 

P AR+UV A+UVB to induce production of high concentrations of MAAs. However, 

we soon observed that P. antarctica grown under PAR without UVR produced 

significant amounts of MAAs dominated by porphyra-334 with reduced amounts of 

mycosporine-glycine:valine. In contrast, P. antarctica grown under PAR+UV AIB 

had a slightly decreased total MAA concentration, but also induced the synthesis of 
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high concentrations of mycosporine-glycine:valine (Figure 6.1). The mycosporine

glycine:valine content of P. antarctica grown under UVR was so high its presence in 

krill tissues served as a marker for measuring the accumulation of MAAs from P. 

antarctica grown under UV wavelengths. 

Table 6.5 Comparison of mean concentrations of total MAAs in krill from various 
sources 

Total MAA concentration 

Source (nmol g·1 dry wt.) Comments 

Karentz et al. (1991b) 4670 Collected from Palmer Station, East 
Antarctica, late winter/spring, 1988 

Newman et al. (Submitted) 3863 ± 472 

Laboratory-maintained 6110 ± 787 
krill, present study 

Wild krill, present study 8360 ± 1103 

Prior to feeding 

Prior to feeding 

BROKE survey, 1996 survey 
(Nicol et al., 2000a) 

MAAs were unevenly distributed across body components in krill fed in this study 

with highest concentrations occurring in the eyes. This distribution has been 

observed before in 52 species of tropical fish from 19 families, observing a high 

degree of variation in total concentration (Dunlap et al., 1989). In 44 of the 52 , _., 

species the dominant MAA was asterina-330, which, in krill, is found mostly in the 

eyes. The 8 fish species where asterina-330 was not dominant had comparatively 

high concentrations of palythene (absorbing at 360 nm), which was not observed in 

laboratory-maintained krill and was negligible in wild krill. 

Mason et al. (1998) also found high concentrations of MAAs of asterina-330 and 

_ palythine in eyes of medaka fish,_speculating that dietary s_upplementation with 

MAAs may be useful to aquacultured species of fish in terms of protection of eye 

tissues from UVB radiation. Mason et al. further speculate that, since MAAs are 

hydrophilic, cross-membrane transport may require some type of MAA-specific 

carrier. The specific tissue selectivity of MAA bioaccumulation observed in medaka 

fish, holothuroids, Antarctic krill and others strongly suggests that transport across 

membranes is carrier-mediated at the cellular level. This is further supported by 
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studies of MAA transport in marine invertebrates with algal symbionts (Shick et al., 

1999). 

Mycosporine-glycine:valine, shinorine and porphyra-334 all show a similar pattern 

of distribution in tissues of fed krill. Given that krill probably acquire MAAs from 

dietary algae rather than by de novo synthesis (Newman et al. submitted), it was 

expected that the digestive gland, being the point at which MAAs are assimilated, 

would contain high concentrations. However, this was not the case, as the digestive 

gland showed the lowest concentrations of MAAs being equivalent to concentrations 

in the tail/abdomen section (Figure 6.2). This suggests that once assimilated by the 

gut, MAAs are rapidly transported to body tissues with high affinity, which in the 

case of asterina-330, appears to be the eyes. 

Paradoxically, asterina-330 is usually absent or negligible in natural populations of 

Antarctic phytoplankton, (Dunlap et al., 1995; Villafane et al., 1995a; Villafane et 

al., 1995b). In our treatments, no asterina-330 and negligible amounts of 

mycosporine-glycine and shinorine were available to krill fed Phaeocystis acclimated 

to the presence and absence of UVR (Figure 6.1). This consideration strongly 

suggests that these MAA components were already present at endogenous 

concentrations prior to our feeding experiments. Accordingly, analysis of variance 

showed that a single feeding event had no measurable effect on MAA concentrations 

3 and 7 days post-feeding. This is consistent with previous data showing that as 

many as 8 feedings over a 62 dgty period were necessary to increase the body 

concentration of MAAs (Newman et al. submitted). The biochemical source for 

asterina-330 accumulation in krill eyes, however, remains uncertain, but a pathway 

involving the interconversion of MAAs (Dunlap & Shick, 1998) is a possibility. 

The high concentrations of MAAs in the control group imply that the krill had 

already attained high levels of MAAs when captured. The time between capture and 

experimental investigation represents almost 6 months of captivity during which the 

krill were either starved or fed with a low-MAA food source. From this and other 

data (Newman et al. submitted) we observe that krill can maintain MAAs in their 

tissues for long periods. Assuming that krill are unable to synthesize MAA de novo 

( cf., Shick et al. 1999), we speculate that a low metabolic turnover of MAAs 

occurred during maintenance. 
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Mycosporine-glycine was the only MAA that appeared to be evenly distributed 

throughout tissues in laboratory maintained krill (Figure 6.2). We have shown that 

mycosporine-glycine concentrations did not vary over time, even under intensive 

feeding (Newman et al. submitted). This consistency over time is matched by 

negligible variation in tissue concentrations throughout the animal. Both situations 

could be explained by proteolytic conversion of imino-mycosporines similar to the 

conversion of shinorine and porphyra-334 to mycosporine-glycine, which is affected 

by some marine bacteria (Dunlap & Shick, 1998). Unlike other MAAs, mycosporine

glycine has moderate antioxidant properties (Dunlap & Shick, 1998; Dunlap & 

Yamamoto, 1995) and maintenance of consistent levels throughout krill tissues may 

protect against (photo )oxidative stress, although this remains untested. 

The most abundant MAAs in wild-caught krill were similar to those in laboratory

maintained krill: mycosporine-glycine:valine, porphyra-334, shinorine, mycosporine

glycine (Figure 6.3). However, lesser components, such as asterina-330, palythine 

(Figure 6.3), palythinol and palythene (Figure 6.4) were more prevalent in wild krill 

than laboratory-fed krill. This is most likely due to a greater diversity of dietary 

species and consequently greater diversity of available MAAs. 

In comparison to krill obtained at Palmer (Karentz et al., 1991 b) and those fed in the 

laboratory, it appears that our wild-caught krill are replete with MAAs (Table 6.5). 

This may be due to the time of capture in late Austral summer, by which time 

animals have been feeding on phytoplankton that has been subject to high UVR from 
' _, 

ozone depletion during spring and exposed to high solar irradiance during summer, 

and have therefore attained a high content of MAAs. It is also plausible that krill in 

captivity may have lost MAAs due to metabolism and excretion, although turnover 

rates are low. The krill from Palmer Station were captured during late winter/early 

spring (September to December, Karentz et al. 1991) and, depending on the exact 

time of capture, may have been MAA-depleted after a winter of reduced feeding 

(Table 6.5). 

There are two possible selective advantages due to the highly localised concentration 

of MAAs observed in krill eyes, the first being for the protection of vulnerable retinal 

tissue from excessive damage by filtering solar UVB radiation and the shorter 

wavelengths of UV A radiation (Dunlap et al., 1989; Mason et al., 1998). The second 

explanation is to improve visual acuity by complementary mechanisms: to decrease 
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chromatic distortion caused by imperfect focusing of short-wavelength radiation, and 

by improving visual contrast in a predominantly blue optical field caused by the 

molecular scattering of short-wavelength light (Rayleigh scattering) (Muntz, 1973). 

However, the primary metabolic function of MAAs still remains uncertain, although 

it has been widely accepted that they function as UV-absorbing sunscreens (Dunlap 

& Shick, 1998). The abundance of MAAs in krill eyes offers a strong indication that 

these compounds are actively transported into specific tissues across cellular 

membranes against a concentration gradient The specificity for MAA incorporation 

into the eyes is consistent with providing protection to vulnerable tissues which are 

exposed to high UV irradiance. More work, however, is required to understand the 

mechanism of MAA transport in krill and other marine organisms, and the functional 

benefit of accumulation of asterina-330 and other MAAs in krill eyes. 
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7 Effect of MAA concentration on susceptibility of 
Antarctic krill (Euphausia superba) to ultraviolet 
radiation 

Abstract 

We manipulated the concentration of mycosporine-like amino acids (MAAs) in 

Euphausia superba (Antarctic krill) in order to test the ability of high concentrations 

of MAAs to protect krill against mortality and loss of activity due to ultraviolet-B 

(UVB) radiation. By maintaining krill with either a high-MAA diet (Phaeocystis 

antarctica grown under either PAR (photosynthetically active radiation)-only or 

PAR+UV A/B), low-MAA (Geminigera cryophyllum) diet or starvation, we varied 

the concentration of certain MAAs in krill tissues, then irradiated the krill under high 

UVB radiation and measured survival time and a qualitative index of activity. 

The composition of the diet of the krill had a small but significant effect on final 

-MAA concentrations compared-with-previous experiments, but variation-in-MAA 

content of dietary algae allowed analysis of the effect of body concentration of 

MAAs on survival time and generalised activity score. Krill fed with both the high

MAA and low-MAA diets survived significantly longer under high UVB radiation 
- ) A 

than starved krill. Furthermore, krill fed the high-MAA P. antarctica diets remained 

active for longer than krill fed low-MAA G. cryophyllum or starved. There was a 

significant relationship between survival time and concentrations of total MAAs and 

mycosporine-glycine:valine. High concentrations of MAAs may offer some 

protection against DVB-induced damage in krill. 
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7 .1 Introduction 

Pelagic marine phytoplankton have developed a number of adaptive strategies to 

reduce the damaging effects of UV-B (280-320 nm), including DNA repair enzymes 

(Buma et al., 1997; Karentz et al., 199la; Scheuerlein et al., 1995), production of 

antioxidants (Miyake et al., 1991; Vincent & Roy, 1993) and synthesis of UV -

absorbing compounds (Carreto et al., 1990). Few studies have examined the effects 

of environmental UVR on zooplankton. The first such studies occurred in the early 

80s following the discovery of ozone depletion (Damkaer & Dey, 1983; Hunter et 

al., 1982; Karanas et al., 1981; Ringelberg et al., 1984) but the field fell into decline. 

Nearly a decade later, several key papers (Bothwell et al., 1994; Malloy et al., 1997) 

have led to a re-examination of the effects of enhanced UV on pelagic zooplankton 

and other higher trophic levels in order to ascertain the ecological consequences of 

continued ozone depletion at mid/high-latitudes (Beland et al., 1999; Borgeraas & 

Hessen, 2000; Kouwenberg et al., 1999a). 

Euphausia superba (Antarctic krill) is a keystone species in the southern ocean 

ecosystem (Nicol & de la Mare, 1993). Krill are voracious primary consumers 

(Perissinotto et al., 2000; Quetin & Ross, 1991), are a common prey for higher-level 

_ predators (fish,_squid, birds, seals and whales) and !"eporte~ly account for -50% of 

the total stock of metazoan herbivores (Holm-Hansen & Huntley, 1984). Given their 
' ., 

importance, it is surprising that the ability of krill to avoid and/or tolerate UV is only 

beginning to be examined (Jarman et al., 1999; Malloy et al., 1997; Newman et al., 

1999). 

One possible means of reducing DVB-induced damage is the accumulation of UV

absorbing mycosporine-like amino acids (MAAs). These compounds are extremely 

common in marine and intertidal species in tropical, temperate and Antarctic regions. 

Although the primary metabolic function of MAAs remains uncharacterised, they are 

important in absorption of damaging short-wavelength UVR (Adams & Shick, 1996; 

Dunlap & Shick, 1998; Favre-Bonvin et al., 1976). MAAs are produced from a 

branch of the shikimic acid pathway (Favre-Bonvin et al., 1987; Shick et al., 1999), a 

biochemical route not available in animals and evidence is mounting that MAAs in 

marine vertebrate and invertebrates are derived from dietary accumulation (Adams & 
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Shick, 1996; Carefoot et al., 1998; Carroll & Shick, 1996; Newman et al. In press), 

or via translocation from algal symbionts (Shick et al., 1999), to provide UV 

protection (reviewed in: Dunlap and Shick, 1998). 

Adams & Shick (1996) presented the first direct evidence of UV-protection by 

directly manipulating cellular MAA concentrations. This work showed that high 

concentrations of mycosporine-glycine in eggs of the sea urchin Strongylocentrotus 

droebachiensis significantly reduced a UV-induced delay in first-division of 

embryos. Subsequently, Dionisio-Sese et al. (1997) showed that MAAs in the tunic 

of the colonial ascidian Lissoclinum patella protected the green algal symbiont 

Prochloron sp. and Carefoot et al. (1998) showed that a lack of MAAs in eggs of the 

sea hare Aplysia dactylomela caused a significant reduction in hatching success of 

veligers. All these works provide clear evidence of a UV-protecting function of 

MAAs. 

In a survey of 48 species of Antarctic marine invertebrates, krill were found to have 

the third highest body concentration of total MAAs (Karentz et al., 1991b). Krill 

have also been observed to share MAAs with sympatric phytoplankton (Dunlap et 

al., 1995). In addition, Newman et al. (In Press) showed experimentally that the 

MAA content of krill is heavily dependent on the MAA content of ingested algae. 

However, it is not yet known if MAAs functionally benefit krill in terms of 

protection from htgh seasonal UV. The objective of these e~periments was to e~pand 

on previous work on the effect of UVB radiation on krill mortality by examining the , _, 

effect of different concentrations of MAAs on UV-induced changes in mortality and 

activity. 

7.2 Materials and methods 

Collection and maintenance of krill 

On 2 April 1999, approximately 500 Antarctic krill were collected from 64° 17'' S, 

105° 38" E, near Casey Station, Antarctica, using a RMT-8 net (rectangular mid

water trawl net, mouth area 8m2
) and maintained in tanks aboard RSV Aurora 

Australis. On 21 April the krill were transferred to the krill aquarium at the 

Australian Antarctic Division, Kingston, Tasmania. The aquarium is a high-capacity 
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biofilter system operating in complete darkness at 1°C (± 0.5°C). For the 8 months 

prior to experimental feeding, krill were fed ad libitum with three algal species 

cultivated in a bag culture system: Phaeodactylum tricomutum, Geminigera 

cryophyllum and Pyramimonas sp .. 

Growth of Phaeocystis antarctica 

Cultures of P. antarctica (strain Al.3, Australian Antarctic Division culture 

collection) were grown in GP5 media in UV-transparent 600 ml polystyrene flasks 

(Falcon). Four flasks were inoculated every few days as mature cultures were fed to 

the krill. This staggered inoculation meant growth periods for each flask of algae 

were identical at 17 days. The flasks were divided into two groups, each exposed to 

one of two treatments: PAR (photosynthetically active radiation) only, or a 

combination of PAR+UV AJB (see results, Table 7.1). This variation was designed to 

manipulate the MAA content in P. antarctica, which has been observed to produce 

different concentrations of MAAs when exposed to different wavelengths. Cultures 

were incubated in a dual-chambered growth cabinet (Ratek) at 2°C (±0.5°C). PAR 

and UV wavelengths were supplied by two DVB-emitting 17 W FSL 140 fluorescent 

tubes (Philips), four UV A-emitting, 17W "black light" tubes (NEC), and five 15W 

"cool white" tubes (Osram). The lower chamber was fitted with four 15W "cool 

white" tubes (Osram). Wavelengths <293 nm were filtered using Grafix™ cellulose 

acetate sheet. The photoperiod used was 12: 12 light: dark. Levels of irradiance were 

measured using a Solar Lig~tT~PMA 2100 with UVA, quantum (PAR) and UVB 

sensors, filtered by a sheet of the same plastic (transparent polystyrene) of which the 

culture vessels were constructed, and cultures were mixed daily. 

Growth of Geminigera cryophyllum 

To provide an alternative low-MAA diet, we used an existing bag culture of G. 

cryophyllum. Test extracts of all three cultures showed that the ratio of MAAs 

(absorbance at 309-340nm) to chlorophyll a (absorbance at 663 nm) was lowest in G. 

cryophyllum and highest in P. antarctica grown under PAR+ UV A/B. Aliquots of 1 

ml were transferred to 1.5 ml Eppendorf vials, then dried for two hours at room 

temperature on a Heto mini DNA vacuum centrifuge. Residual water was removed 

by freeze-drying. These dried extracts were stored at -86°C until HPLC analysis. 

The culture was a 120 L culture of G/2 media (half-strength GP5), inoculated with a 
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high-density 20 litre starter culture. The culture was entering stationary phase when 

harvested. 

Feeding of krill 

Krill were fed different diets in order to induce variation in their MAA content. On 

20 December, 1999, 120 krill (mean length 33.5 mm) from the above collection were 

divided equally into 12 x 20 L buckets, 10 krill in each. The twelve buckets were 

divided into four groups of three according to diet: the "PAR+UV A/B" group was 

fed P. antarctica grown under UV irradiation+ PAR, while the "PAR-only" group 

was fed algae cultured under PAR (Table 7.1). The "starved" control group was not 

fed. Water in the buckets was changed weekly and the water temperature was 1°C (± 

o.s°C). 

In order to ensure that animals were fed similar amounts of algae, we standardised 

--the two diets according to the method of Riegger &-Robinson -e 1997) .- Absolute 

concentrations of chl a for standardisation. purposes were calculated using the peak 

absorbance value at 663 nm and an extinction coefficient of 79.95 g/l/cm (Parra et 

al., 1989). The day prior to feeding, we took methanol extracts from the G. 

cryophyllum bag culture and the most mature P. antarctica cultures by centrifuging a 

40 ml aliquot from each culture for 10 minutes at 3000 g, decanting and discarding 

the supernatant and extracting the remaining algal pellet with 3 ml 100% methanol 

for one hour. We determined absorbance of chlorophyll a and UV -absorbing 

compounds using a GBC scann1ng spectrophotometer. Aliquots of 1 ml were 

evaporated to dryness for two hours using a Heto vacuum centrifuge operating at 

room temperature, then freeze dried to remove residual water, and stored at -86°C 

until HPLC analysis for MAAs (see below). 

In all cases, the chlorophyll a concentration was lowest in the P. antarctica culture 

grown under PAR+UV A/B, most likely due to UV-induced inhibition of 

photosynthesis. Every few days 1160 ml of P. antarctica culture grown under 

PAR+UV A/B (2 x 600 ml flasks, pooled and mixed, minus 40 ml for extract) was 

divided equally between the three buckets of UVB group krill. The volume of algal 

culture given to each krill in the P. antarctica (PAR-only) and G. cryophyllum 

groups was calculated based on the relative peak heights of chlorophyll a. The 

volumes given to krill were reduced based on the smaller chlorophyll a peak present 
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in P. antarctica grown under PAR+UV NB. We did not take cell counts because of 

inaccuracies caused by the colonial habit of P. antarctica (Riegger & Robinson, 

1997). We therefore assumed that the concentration of chlorophyll a celr1 remained 

constant through the growth period, because the purpose of this method was to 

manipulate the concentration of MAAs in krill and not to quantify the effects of 

feeding. 

Experimental irradiation of krill 

Krill were maintained in the same growth cabinet as was used for incubation of the 

algae, with the exception that the ambient temperature was 1°C (±0.2°C), and the 

photoperiod was 8:16 light:dark. The light climates used were different from those 

-used to grow the algae, in that only one UVB, 3 UV A and 4 PAR tubes were used in 

both halves of the growth cabinet (see Results, Table 7.1). These levels are similar to 

those used in previous studies of UV-susceptibility in krill (Newman et al., 1999). 

For each replicated experiment, 6 krill from each of the four diets were placed in 

separate perforated 2 litre jars inside larger aerated glass fish tanks (30 litre capacity 

each). Jars were randomly arranged in the growth cabinet. Since only 24 krill could 

be irradiated at once, the experiment was performed 3 times. The experiments lasted 

9 days and began on 3, 14 and 23 February 2000. 

Activity of krill 

The generalised activity of krill..,over time was measured by described using a 
' 

qualitative measure of activity for each krill. This activity measure was scored on a 

scale -Of-0-3 -thus: 

0 - no movement when disturbed (assumed dead) 

1 - pleopod movement slow but present 

2 - regular, strong movement of limbs 

3 - animal swimming 

Each krill was observed for 2 minutes for every 2 hours of irradiation, at 9:30, 11:30, 

13:30 and 15:30 each day. The maximum observed score (see above) was used as-a 

measure of activity. Dead krill (those that offered no response to being touched with 
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a glass rod) were removed immediately and frozen at -86°C until HPLC analysis for 

MAAs (see below). 

Extraction of MAAs from krill 

Frozen krill were freeze-dried overnight then weighed prior to extraction. MAAs 

were extracted from tissues by three serial extractions using 1 ml of 80% methanol 

for one hour (Dunlap & Chalker, 1986). Following each extraction period the 

methanol/tissue mixture was centrifuged at 3000 g for 15 minutes and the 

supernatant decanted. Aliquots of 1 ml were transferred into 1.5 ml Eppendorf tubes, 

dried on a Heto mini DNA vacuum centrifuge at room temperature and freeze dried 

to remove residual water. Dry extracts were stored at -86C0 until analysis. 

HPLC analysis of MAAs from krill and algae 

Dried extracts from P. antarctica, G. cryophyllum and krill in 1.5 ml Eppendorf 

tubes were reconstituted in 200 µl of 100% methanol and left to stand at room 

temperature for three hours, with vortex mixing at half-hourly intervals. The now 

concentrated extracts were then centrifuged at 20,000 g for 25 minutes to remove 

insoluble precipitates. 

We adapted a method used by Dunlap & Chalker (1986) and Karentz et al. (1991b) 

to identify and quantify MAAs. Known volumes between 3 and 10 µl were injected 

into a Shimadzu HPLC system using a Phenosphere C-8 reverse phase HPLC 

column (Spheri-5, 4.6 mm i:d. i 25 cm) and guard column (Spheri-5, 4.6 mm i.d. x 5 

cm), and a 2 µm column pre-filter (Alltech). The mobile phase consisted of 40% 

methanol, 59.9% water and 0.1 % acetic acid delivered at a flow rate of 0.8 ml min-1
• 

The detection wavelengths were 313 nm and 340 nm. MAAs were identified using 

comparison of chromatographic retention times with known standards, co

chromatography, and comparison of 313:340 nm detection wavelength ratios. We 

used quantified standards extracted and purified from the zoanthid Palythoa 

tuberculosa (mycosporine-glycine, palythine, palythinol), the red alga Porphyra 

tenera (shinorine, porphyra-334) and from eyes of the coral trout Plectropomus 

leopardus (palythene and asterina-330). Mycosporine-glycine:valine was identified 

by co-chromatography with an authenticated sample from a krill extract prepared at 

Palmer Station (Dunlap et al., 1995). We used an HPLC system at the Australian 

Institute for Marine Sciences (AIMS) pre-calibrated for MAA analyses for the 
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quantification of MAAs to prepare our standards. These standards were subsequently 

analysed on the Shimadzu system described above to transfer calibration. Since a 

quantified standard did not exist for mycosporine-glycine:valine, we analysed a 

crude extract of P. antarctica and recorded unadjusted peak areas. This same sample 

was dried and sent to AIMS, then reconstituted and analysed on a system externally 

calibrated for MAA analyses to achieve the intercalibration. 

Statistical analysis 

We used Systat 5.1 (Systat, Inc.) to perform one- and two-way analysis of variance 

(ANOV A) where appropriate. Regression analyses of MAA concentrations were also 

performed using Systat. Where statistical significance was indicated, Tukey honestly 

- significant difference (HSD) tests were used to identify differences between cell 

means. 

7.3 Results 

Growth of algae 

The levels of UV and PAR irradiance used to irradiate the algae and krill are listed in 

Table 7.1. The P. antarctica cultures all contained mycosporine-glycine:valine, 

porphyra-334, mycosporine-glycine and shinorine. G. cryophyllum had the same 

MAAs except mycosporine-glycine, which was absent (Figure 7.1). Two-way 

analysis of variance without replication showed that MAA identity had a significant 

effect on concentration (F=7.01, df=3, 0.02>p>0.01), but time did not (F=l.14, df=9, 

p>0.5). 

Concentrations of MAAs were generally highest in P. antarctica grown under 

PAR+UV A/B, followed by P. antarctica grown under PAR-only and G. 

cryophyllum, which were very similar. However, since the G. cryophyllum culture 

also had the highest chlorophyll a concentration (mean 812 ± 56 ng mr1
) than the 

PAR-only culture (mean 352 ± 39 ng mr1
) and the PAR+UV AIB culture (mean 248 

± 47 ng ml-1
), the amount of culture and therefore MAAs provided to the krill in each 

group was adjusted such that G. cryophyllum constituted a low-MAA diet (see 

below). 
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Table 7 .1. Levels of PAR, UV A and UVB radiation used in experiments. 

Algae irradiated with a 12:12 (light:dark) photoperiod. Krill irradiated with a 
8:16 (light:dark) photoperiod. Levels measured using a Solar Light™ PMA 
2100 biometer with PAR, UV A and UVB sensors. 

Irradiance (Wn12
) 

Algae (light treatment) Wavelength (nm) Algae Krill irradiation 

P. antarctica (PAR+UV A/B) UVB (280-320) 6.42 x 10-1 3.52 x 10-1 

UV A (320-400) 5.06 7.56 

PAR (400-700) 17.5 13.5 

P. antarctica (PAR-only) PAR 18.0 NIA 

G. cryophyllum (PAR-only) PAR 14.2 NIA 

Table 7.2. Volume of culture fed to each individual krill in first experiment. 

Difference in culture volume is due to standardisation to chlorophyll a 
absorbance maximum (refer to Materials & Methods section for details). 
Chlorophyll a concentration refers to the value used for standardisation of 
diets. Krill were fed volumes of PAR-only P. antarctica and G. cryophyllum 
calculated on the basis of the chlorophyll a concentration of PAR+UV A/BP. 
antarctica. 

Volume of culture fed to each group (ml) 

Phaeocystis antarctica Geminigera Chlorophyll a 

grown under: cryophyllum concentration 

Feed Date Day PAR+UVA/B PAR-only ng/ml 

21Dec1999 0 1160 910 310 301 

2 25 Dec 4 1160 950 330 325 

3 28Dec 7 1160 900 330 361 

4 3 Jan 2000 13 1160 850 320 324 

5 9 Jan 19 1160 980 270 375 

6 16 Jan 26 1160 920 290 331 

7 20Jan 30 1160 1000 260 302 

8 24Jan 34 1160 960 280 316 

9 28 Jan 38 1160 980 220 342 

10 1 Feb 42 1160 820 240 295 
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Krill were fed at consistent intervals, 10 times over a period of 42 days (Table 7.2). 

Previous work has shown that feeding for this period is sufficient to increase the 

MAA concentration of krill tissues (Newman et al., In Press). All krill fed on the 

algae presented to them, indicated by the presence of faecal strings in individual jars 

during UV-irradiation experiments. The mean amount of total MAAs available in 

each feed to each bucket of 10 krill was 457.4 (± 67 .3 standard error) µmol for the 

group fed P. antarctica grown under PAR+ UV A/B, 187.4 (± 45.6) µmol for the 

group fed P. antarctica grown under PAR-only, and 94.1 (± 34.6) µmol for the group 

fed G. cryophyllum. The starved group had no dietary MAAs available to them. 

Concentrations of MAAs in krill were very low compared with results of previous 

experiments, for example, the mean concentration of total MAAs in krill fed P. 

antarctica grown under PAR+UVA/B (1754.9 µmol ±78.8) was less than half that of 

starved krill from Newman et al. (In Press) (3863 µmol ±472). Differences in diet 

had little effect on MAA concentration of krill (Table 7.3), even after many weeks of 

feeding. The most noticeable difference was observed in mycosporine

glycine:valine, which was most concentrated in krill fed P. antarctica grown under 

DVB radiation, and least concentrated in starved animals. A series of one-way 

ANOVAs showed that diet had a significant effect on concentrations of 

mycosporine-glycine:valine and total MAAs. All other MAAs were not significantly 

affected. Post-hoe Tukey HSD tests showed that starved krill or those fed G. 

cryophyllum had significantly lower total MAA and mycosporine-glycine:valine 
' ,, 

concentrations than krill fed P. antarctica. Although not totally dependent on diet, 

variation in MAA content between krill was sufficient to allow regression analysis of 

MAA concentration with survival time. 

Mortality 

All krill survived the first three days of irradiation but had all died within 9 days 

-{Figure 7 .2). A-two-way AN OVA (Table 7.5} showed-that-diet-had-a- significant 

effect on mean survival time (p<0.0005) while variation between trials was not 

significant (p>0.505). There was no two-way interaction between diet and trial. 

Tukey HSD tests showed that while starved krill died significantly sooner than other 

groups (p<0.0001), there was no detectable difference in survival between krill fed 
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on the two cultures of P. antarctica or G. cryophyllum (p>0.095). The maximum 

survival of all three groups ranged between 8 and 9 days. 

Table 7 .3. Mean concentration of MAAs in krill with different diets. 

Units in n mol g·1 dry wt (standard error in brackets). Sample size for all 
treatments is 24. 

Fed PAR- Fed 
Control irradiated P. Fed PAR+UVA/B Geminigera 

MAA (starved) antarctica irradiated P. antarctica cryophyllum 

Mycosponne-glycine 279.0 (23.0) 233.5 (26.3) 274.8 (23.9) 263.5 (31.6) 

Mycosporine-glycine:valine 48.8 (6.9) 538.6 (69.8) 415.6 (32.4) 156.0 (27.3) 

Porphyra-334 667 4 (44 3) 692 6 (62.5) 706.4 (33.3) 667.7 (43.0) 

Shinorine 361.0 (24.3) 305.5 (27.5) 356.1 (22.3) 335.8 (32.7) 

TotalMAAs · 1361.6 (83.2) 1773.2 (130.1) 1754.9 (78 8) 1423.1 (63.2) 

Table 7.4. One-way ANOV As of the effect of diet on MAA concentration of UVB-killed 
krill. 

In all cases, degrees of freedom = 3, sample size is 24. Legend: ns = not 
significant, * denotes 0.005 < p < 0.0001, ** denotes p<0.0001. 

1-way ANOVA 

MAA F p-value 

Mycosporine-gl ycine 0.605 0.6140 ns 

M ycosporine-gl ycine:valine 31.613 <0.0001 ** 
Porphyra-334 0.169 0.9171 ns 

' ,, 
Shinorine 0.873 0.4597 ns 

TotalMAAs 5.539 0.0019 * 

Regression analyses between MAA concentrations and survival time showed good 

relationships between mycosporine-glycine:valine and survival, and also total MAAs 

and survival (Figure 7 .3). The lowest regression coefficient of determination (r2
) was 

for the relationship between porphyra-334 concentrations and survival time (0.0001), 

followed by shinorine (0.003), mycosporine-glycine (0.0362), total MAAs (0.4057) 

and mycosporine-glycine:valine (0.5281). The steepest relationship was that between 

mycosporine-glycine:valine and survival time. 
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334; e) total MAAs. Starved krill (control group) received no food of any kind. 
Cultures were not replicated. 
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Figure 7.2. DVB-induced mortality of krill fed different algal cultures. 

Bars are standard error. Sample size is 3. 

Table 7.5. Two-way ANOVA of the effect of diet and trial on survival time. 

Sample size for each diet is 24. 

Source of variation Df F p-value 

Diet 3 11.664 <0.0005 

Trial 2 1.552 0.220 

Diet x trial 6 0.063 0.999 

Error 60 

8 9 
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Activity 

The mean activity of krill differed according to diet (Figure 7.4). It appears that 

starved krill were consistently less active than fed groups. Of the fed groups, those 

fed the low-MAAG. cryophyllum were the least active throughout the experiment, 

and there appeared to be little difference in activity between groups of krill fed P. 

antarctica grown under PAR-only or PAR+UV A/B. A two-way ANOV A showed 

that diet had a significant effect on mean activity throughout the whole experiment 

(p<0.0232) and that activity decreased over the course of the observations 

(p<0.0001). There was no two-way interaction between diet and time (Table 7.6). 

Post-hoe Tukey HSD tests showed that there was no significant difference in mean 

activity between groups of krill fed P. antarctica (p>0.6647), and no significant 

differences between starved krill and those fed G. cryophyllum (p>0.8189), but there 

was a weakly significant_difference between groups fed P. antarctica and the groups 

starved or fed G. cryophyllum (p<0.0219). 

7 .4 Discussion 

Krill fed algae (P. antarctica or G. cryophyllum) had higher concentrations of UV

absorbing MAAs and tended to survive longer under high UVB radiation than 

starved krill. In addition, krill high in MAAs remained more active for longer than 

krill low in MAAs. AlthQ.ugh d!fferences between fed and unfeg grQups of krill were 

low compared with results of previous experiments (Newman et al., In Press), as 

were MAA concentrations in general, total variation in MAA content allowed for 

regression analysis of the entire dataset, regardless of feeding conditions (Figure 

7.3). These analyses are strong evidence for a relationship between MAA 

concentration and mortality in Antarctic krill. The analysis showed that some 

variables, specifically concentration of mycosporine-glycine:valine and the total 

concentration of all MAAs, showed a reasonable relationship with survival time, 

with r2 coefficients of 0.5261 and 0.4057 respectively. 
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Table 7.6. Two-way ANOVA of activity (0-3) related to diet and time. 

Sample size for each treatment (diet) is 24. 

Source of variation df F p-value 

Diet 3 3.261 0.0232 

Time 18 10.463 <0.0001 

Diet x time 54 1.205 0.1897 

Error 152 

However, interpretation of these regression analyses must be tempered by the 

acknowledgement that results from krill fed different diets were pooled together. As 

such, there is a possibility that the relationship between MAA concentration and 

survival time is due to differences in survival between fed animals and starved 

animals, and not due to any difference in MAA concentrations between krill fed 

different algal species or treatments. 

The reasons that these are the only significant relationships are not clear. It is known 

that occurrence of mycosporine-glycine:valine is largely confined to Antarctic 

regions, and has been observed to be produced by P. antarctica in response to UVB 

radiation (Newman et al. In Press, Appendix I). It is possible that the high variation 

in concentrations of mycosporiae-glycine:valine led to a significant regression result. 

It does not imply that mycosporine-glycine:valine is any more important in UV

protection than other MAAs, a conclusion supported by the significant relationship 

between mortality and total MAAs. The strong relationship of survival time with 

total MAAs fits with speculation that a wide variety of MAAs, each with different 

spectral characteristics, will provide a range of absorbance (Karentz et al., 1991b). 

MAAs measured by the present study ranged in maximum absorbance from 310 nm 

(mycosporine-glycine) to 335 nm (mycosporine-glycine:valine), theoretically 

providing protection against a range of wavelengths. 
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different algae cultures. 

Bars are standard error. Sample size is 24 for each data point (data pooled 
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9 

Activity of the krill showed a slightly different pattern to mortality, in that krill fed 

G. cryophyllum had more similar activity patterns to starved animals than those fed 

P. antarctica. Figure 7.4 shows how activity reduces over time as a result of UV 

irradiation. Starved krill and those fed G. cryophyllum appear to have very similar 

activity until day 4, when the activity of starved krill decreases faster than the fed 

krill. By day 7, however, the activity of fed krill appears to have dropped to be 

equivalent to that of starved krill. It is possible that this delay in the decrease in 

activity in fed krill between days 4 and 7 could be due to fed krill having higher 

energy reserves available to temporarily counteract the observed DVB-induced drop 

in activity. 

The difference in response between mortality and activity implies that UVB radiation 

has a different effect on mortality than on activity. The biological effect of UVB 
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radiation on organisms are complex; the most immediate effect is direct photo

oxidatory damage to cell walls and membranes and disruption of biochemical 

processes by resulting reactive oxygen species (Shick et al., 1995). This form of 

damage generally occurs in the short-term (Harm, 1980). 

The other main form of DVB-induced damage is disruption to DNA, which causes 

RNA transcription errors amongst other defects. It is difficult to quantify each form 

of DVB-mediated damage separately, as they often interact with each other (Harm, 

1980). As such, there is little evidence.for either form of damage being better 

counteracted by high concentrations of MAAs. However, given the different 

mortality and activity response of krill fed G. cryophyllum to those fed P. antarctica, 

we suggest that in Antarctic krill, MAAs protect more against DNA damage than 

photo-oxidatory damage and biochemical disruption. Possible reasons for this are 

three-fold: first, krill are known to have highly efficient DNA repair mechanisms 

(Malloy et al., 1997), possibly to make up for a genome that appears to be highly 

vulnerable to DVB-mediated damage (Jarman et al., 1999); secondly, krill have an 

advantage over unicellular algae in that krill are multi-cellular, with many 

"redundant" cells making up krill tissues, such that the injury or death of a cell due to 

DNA damage may not affect those around it, at least in the short term; finally, krill 

do not produce and secrete MAAs from their cells as algae are known to do (Bracher 

& Wieneke, 2000), but take them up. It is therefore possible that MAAs are stored 

within cells. MAAs are water-soluble (Favre-Bonvin et al., 1987), and may be easily 

diffused away from the inter-cellular space of a marine animal. This may imply that 

while cell contents (such as DNA and RNA) are protected, cell membranes may be 

more vulnerable than if MAAs were stored in extracellular space. 

MAAs protect organisms from UV by absorbing UV wavelengths, preventing 

harmful wavelengths from penetrating further into tissues. In addition, MAAs have 

been observed exterior to cells and tissues, most notably in mucosal exudates of algal 

(Davidson & Marchant, 1994) and coral species (Teai et al., 1998). Riegger & 

Robinson (1997) examined the comparative sunscreening abilities of MAAs in 

several different species, including P. antarctica, and found that as cell size and 

colony size increased, so did the effectiveness of MAAs in absorbing UV. 

Animal tissues are analogous to cell colonies such as P. antarctica, in that they are a 

collection of similar cells in an organic matrix. Thus it can be speculated that as 
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organisms become larger, the path length of incident UV through transparent tissues 

increases, thereby increasing attenuation of UVB radiation. Thus, the large Antarctic 

krill can expect to be well protected from MAAs, and the evidence in the present 

study suggests this. 

It is the large body size of krill that leads to a major hindrance to study of UV-effects 

on E. superba and marine animals like them. Most previous work on DVB-induced 

mortality of zooplankton has been performed on species such as copepods (Bollens 

& Frost, 1990; Chalker-Scott, 1995; Karanas et al., 1981; Kouwenberg et al., 1999b; 

Naganuma et al., 1997; Ringelberg et al., 1984; Saito & Taguchi, 1995; Tartarotti et 

al., 1999; Zagarese et al., 1998). Using a smaller species usually allows greater 

availability of animals and greater numbers for experimental designs. In addition, 

because of a shorter path length and therefore limited opportunity for UVB 

attenuation thrm1gh the tissues, DVB-induced mortality in the wild is more likely to 

occur to a small zooplankton species than an animal as large as Antarctic krill, for 

reasons of higher DVB-attenuation discussed above. Thus, the use of mortality as a 

variable is often criticised as an unrepresentative or unnatural response when a more 

realistic sub-lethal response would be, for example, a drop in fitness or fecundity 

(Karanas et al., 1981). Sub-lethal effects are generally difficult to quantify, although 

the rate of cell division in sea urchin eggs has been used to quantify UV-effects (and 

MAA protection) by Adams & Shick (1996) and metabolic rate (via oxygen 

consumption) has been used to quantify UV-effects on the spawn of sea hare 

(Carefoot et al., 1998). None of these methods were practical for our purposes, so we 

chose instead the qualitative measure of activity used previously by Newman et al. 

(1999). 

We used G. cryophyllum as an alternative dietary species to investigate the 

possibility that feeding on algae alone may be causing increased resistance to UVB

mediated damage, regardless of the presence of MAAs. In examining starved krill 

compared with those fed P. antarctica grown under different UV conditions, we 

were also comparing fed and unfed animals, regardless of MAA concentration. Thus, 

the addition of an alternative low-MAA diet should have prevented this confounding 

effect. However, possibly due to the age of the P. antarctica culture (several years), 

MAA levels were not as high as in previous work , and responded differently to UV 

irradiation (Newman et al., In Press, Appendix I). In addition, G. cryophyllum 
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showed higher concentrations of MAAs than expected, despite a pilot study showing 

otherwise. 

A pilot study showed that starved krill maintained in darkness and under PAR-only, 

survived for over a week and consistently showed maximum activity. These data are 

not presented, but influenced our decision to use only UVB wavelengths and not 

maintain krill under PAR-only or in darkness. In the present study therefore, only 

krill maintained under UVB radiation showed any mortality. This is in sharp contrast 

to earlier work on DVB-susceptibility in krill, which found that krill died when 

irradiated with PAR (Newman et al., 1999). This work may have been hampered by 

the poor condition of the krill used in that experiment, the young age of the animals 

Guvenile, less than 1 year), and the fact that they were maintained in conditions of 

total darkness most of the time. This last condition may have made the krill more 

susceptible to photoshock from UVB, UV A and visible (PAR) light, and artificially 

inflated mortality figures. 

Krill have been shown to feed on P. antarctica in the wild (Haberman et al., 1993) 

and in captivity (Virtue et al., 1993), and even in their mucus-rich colonial stage 

(Newman et al., In Press). There was clear evidence of krill feeding, specifically the 

minor differences in MAA concentration but also in the presence of faecal strings 

during feeding and experimental irradiation. However, it appears that krill did not 

feed on this species as voraciously during the present study as in previous 

experiments. This may be dve tp a lengthy period of captivity with little food reduced 

feeding activity in krill when presented with food. Alternatively, the culture could 

-have been maintained- for far -too -Ieng· in the colonial- stage of its lifecyde, -and the 

resulting accumulated mucus was too thick to allow effective consumption by krill. 

To conclude, there is some evidence that the presence of high concentrations of 

MAAs appears to delay mortality and delay the detrimental effects of UVB radiation 

on activity. It can be speculated that the second benefit may allow krill to remain in 

surface waters under high UV for longer periods, perhaps facilitating feeding on 

phytoplankton and zooplankton resident in the photic zone. This in itself may have 

ecological implications for surface-feeding fish and seabirds by increasing 

availability of krill in surface waters. However, the benefits of high tissue 

concentrations of MAAs appear to be small, and it is most likely that behavioural 

avoidance of UV A wavelengths that co-occur with UVB (Newman et al., submitted) 
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is the adaptation that offers the best protection against high UVB radiation during 

periods of high solar radiation and high ozone depletion. 
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8 General discussion 

This thesis describes a variety of experiments designed to address the following 

question: 

"Are krill well adapted to high levels of UV common in Antarctic regions?" 

Experiments using a number of methodologies are described, ranging from mortality 

and behaviour studies to quantitative biochemical analysis. In this chapter, the results 

are summarised and discussed in an ecological context, and future work is proposed. 

8.1 Mortality 

Chapter 2 examines the mortality of krill under UVB radiation (Newman et al., 

1999), using a short photoperiod and relatively low irradiances which were 

equivalent to those recorded at realistic depths (5-10 m) in clear Southern Ocean 

water. Even so, krill were killed quicker by increasing levels of UVB irradiation, 

suggesting that a high proportion of the Southern Ocean krill population could 

receive a biologically significant dose of UVB radiation. 

The initial work on mortality also showed that krill were also killed by exposure to 

visible light, although additlonru UV A radiation did not cause an increase in 

mortality. This differs from later experiments (Chapter 7) which found that only 

animals under PAR and UV A did not suffer any mortality at all. This difference may 

be because the initial experiments were performed on a laboratory population of krill 

which was small in body size and mostly juvenile. The mean length of the juvenile 

krill used in Chapter 2 was 23.5 mm, whereas mean length of the older krill used in 

Chapter 7 was 33.4 mm. These larger, older krill did not show the same patterns of 

mortality and survived well under high PAR and UV A. An alternative explanation 

for the rapid mortality of both groups may be that both captive populations had been 

maintained in darkness for long periods, a condition which may deactivate light

mediated photorepair mechanisms, although there is no evidence for this. 

While the shrinkage observed in starving krill prevents accurate age-determination, 

the large difference in size implies that the krill utilised in Chapter 2 may be younger 
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than those used in Chapter 7. This observed difference in mortality may mean that 

krill susceptibility varies with age, which in tum may have implications for the 

ecology of krill. For example, it appears that younger krill are less tolerant of UVB 

radiation than older krill. If a season of sustained ozone depletion occurs the year 

after a year of particularly high krill recruitment, the population may suffer as a 

result of the high percentage of juveniles and their increased susceptibility to UVB 

radiation. Aside from the findings described above, there are no other data describing 

how the various life stages of krill differ in their susceptibility to UV. 

The developmental stages in the life cycle of krill range throughout the water 

column, during "developmental ascent" (Miller & Hampton, 1989). Fertilised eggs 

released into the water column sink to depths in excess of 1000 m, at a rate of up to 

200 metres in a single day (Marschall, 1983; Quetin & Ross, 1984). The eggs 

develop through the embryo, nauplius, metanauplius, cal yptopsis and furcilia larval 

stages as the krill ascend in the water column (Figure 8.1), until they reach the 

surface as juveniles and form swarms. Krill eggs are small, transparent and 

planktonic, and are released in surface waters during summer (Ross & Quetin, 1983), 

a period characterised by periods of high solar irradiation and correspondingly high 

UV. However, given that eggs sink quickly, they are unlikely to be subject to UVB

mediated damage described by Vetter (1997) as the "one bad day" hypothesis. 

Both mortality experiments demonstrated krill's surprisingly high susceptibility to 

UVB radiation. While this rapid mortality is most likely to be due to photooxidative . _., 

damage to cells rather than direct DNA damage, it is now known that krill DNA, 

with its low GC (guanidine-cytosine) content, is more susceptible to DVB-induced 

damage than any other metazoan yet examined (Jarman et al., 1999). This result is 

complemented by the finding that krill have highly efficient DNA repair mechanisms 

(Malloy et al., 1997), although the extent to which this compensates for UVB

induced damage in the wild is unknown. This observed susceptibility and efficient 

repair mechanisms implies that krill DNA is subject to UVB radiation of a sufficient 

strength to cause damage to genetic material, even if repair mechanisms are able to 

quickly and efficiently repair this damage. 

The weight of experimental and genetic evidence of krill's susceptibility to UVB 

radiation is compelling. Although observed variation in krill stocks has been 

correlated with the severity of ozone depletion (using spring concentration of ozone 
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in the atmosphere) (Naganobu et al., 1999), it is difficult to see how krill could 

survive ozone hole conditions without behavioural, physiological and biochemical 

adaptations to high UV conditions that would reduce the high DVB-induced 

mortality observed in the laboratory, and these adaptations to avoid or tolerate UV 

were investigated. 
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Figure 8.1 Vertical distribution of krill's various ontogenic stages (diagram reproduced 
from Miller & Hampton 1989) 
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Further research on the effect of UVB radiation on krill mortality 

While the study of krill and UVB radiation is important from an ecological 

standpoint, Antarctic krill are not an ideal animal on which to test and develop 

ecological models of the effects of UV on marine organisms. Much of this is because 

krill are larger in size than other animals usually considered to be zooplankton, and 

as such, the difficulties associated with quantification of UV effects on large animals 

apply, such as the non-realistic nature of a mortality response, and the difficulty of 

measuring sub-lethal responses. Recent work has utilised measurement of 

cyclobutane pyrimidine dimers as indicators for DVB-induced damage to marine __ 

zooplankton DNA (Malloy et al., 1997). Malloy et al. did not analyse Antarctic krill 
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for signs of DNA damage, and their work should be extended to include Euphausia 

superba and other important Antarctic marine species. 

8.2 Behaviour 

This first adaptation to high UVB radiation examined was behavioural avoidance of 

UV radiation. By examining the reaction of krill to UV A, UVB and PAR (Chapter 

3), it could be estimated how krill would react in the wild when subjected to high 

irradiances. If krill are able to detect and react to UVB radiation, then high levels 

would presumably cause the animals to increase their depth to where natural 

attenuation of UVB in the water column reduced the effective dose. 

This hypothesis was tested by observation, using two tank systems. The first, a 

horizontal tank, allowed the observation of krill's response to gradients of PAR, 

UV A and UVB, independently of vertical migratory behaviour, with results 

suggesting that krill did not react to UVB radiation, but reacted strongly to gradients 

of UV A and PAR by moving to areas of low irradiance. The second vertical tank 

system allowed krill to change their depth in response to different light treatments 

from above. Observations of krill showed that krill increased their depth in response 

to UV A. High PAR appeared to stimulate an increase in depth but the response was 

not statistically significant. 

' 
Experiments with both tank systems showed that krill can perceive and react to non-

harmful UV A and PAR, but did not appear to react to harmful UVB. During periods 

of high solar irradiance, levels of UV A rise correspondingly along with UVB. 

Therefore, krill that are able to avoid non-harmful radiation (UV A) may also avoid 

harmful radiation (UVB). However, under conditions of low ozone, comparatively 

more UVB radiation reaches the water surface than UV A, as ozone does not absorb 

UV A wavelengths. Thus, if krill respond to specific levels of UV A, ozone depletion 

may cause krill to receive higher levels of UVB radiation than under normal ozone 

conditions without necessarily affecting their behaviour. 

Increased UV A may cause krill to increase their depth, possibly below the maximum 

feeding depth for flighted seabirds such as albatross and petrels (Croxall et al., 

1985a; 1985b). This, however, is not likely to be related to ozone depletion, which 
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has no effect on levels of UV A incident on the water surface. However, if solar 

irradiance were to increase in Antarctic regions, krill may react to rising UV A levels 

by increasing their depth during the day. A drop of as little as ten metres may remove 

krill from the diet of surface-feeding predators, drastically affecting the fitness of 

these animals, but may also mean an increase in availability to predators feeding at 

depth. 

There may also be effects on organisms consumed by krill, such as phytoplankton. 

Much of the initial study of UV effects was carried out on phytoplankton, which 

bloom in spring and therefore experience increased UV due to ozone depletion. Early 

work raised concerns about the ability of phytoplankton to cope with these 

unseasonably high levels (El Sayed et al., 1990), although later work showed that 

phytoplankton were able to cope with UV in the long term, usually by means of 

increased production of mycosporine-like amino acids (Villafane et al., 1995 a; 

Villafane et al., 1995b). Freshwater algae in artificial mesocosms experiments have 

been shown to increase their production when exposed to UVB radiation, due to the 

adverse effect on insect consumers (Bothwell et al., 1993; Bothwell et al., 1994). 

Therefore, the absence of krill may reduce feeding upon spring and summer blooms 

of phytoplankton, possibly leading to changes in phytoplankton species succession as 

bloom growth early in the season is not limited by consumers. In time, however, 

zooplankton species residing nearer the surf ace, such as copepods, may take over the 

role of primary algal consumer, assuming that they too are unaffected by UV. 

One aspect of behaviour which could have a marked effect on the amount of UV 

experienced by krill, is the natural habit of E. superba to form extremely large 

schools. This habit may lead to "self-shading," in that krill at the base of a swarm, in 

addition to being protected by the attenuation of greater depth, may also be shaded 

by animals at the top of the swarm. This effect would be greatly influenced by the 

density of the swarm, which, along with their shape and size, has been extensively 

studied, and found to be extremely variable. Swarm density has been measured from 

1 individual m-3 to in excess of 35,000 (Klindt & Zwack, 1984), and variability of 

swarms has been classified by Watkins et al. (1986). However, the dynamics of 

individual krill within a swarm are not well understood. Inducing krill to swarm in 

the laboratory has only been achieved twice (Hamner et al., 1983; O'Brien, 1989). 

This difficulty in studying krill swarming has made the investigation of within-
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swarm krill dynamics extremely difficult. However, this information is important if 

the effect of swarming on UV dose is to be investigated, and is discussed below as a 

possible area of further research. 

Further research on the effect of UV on krill behaviour 

One factor not investigated is the natural habit of krill to form aggregations, 

discussed above. Work to determine light/UV penetration in krill schools requires 

measurement of light penetration from within krill schools, possibly using divers or 

remotely operated vehicles, and more detailed examination of the structure and 

dynamics of aggregations. Whether the mean depth of krill has changed since the 

onset of ozone depletion may be studied by analysis of archives of hydroacoustic 

data collected by various research vessels as part of large-scale biological 

experiments such as BIOMASS (Anonymous, 1977), BROKE (Nicol et al., 2000b), 

FIBEX (Hampton, 1983) or as routine measurements. This may be achieved by 

comparing these data with existing ozone/UV data and analysing for correlations. 

The ability of krill to perceive UV A wavelengths is interesting but by no means 

unique. It is thought that perception of UV A is useful in increasing visual acuity in 

deep water and is not a response to high UV radiation (Cronin et al., 1994; 

Fleishman et al., 1993). Analysis of the pattern of UV reception in crustaceans may 

provide information on whether its prevalence and effectiveness is influenced by UV 

climate by depth (increased visual acuity in low-light environments) or surface UV 

strength (avoidance of harmful UV). 

8.3 UV-absorbing mycosporine-like amino acids 

While the ability to detect and move away from UV A may be a pre-adaptation, it is 

widely believed that the presence of UV-absorbing mycosporine-like amino acids 

(MAAs) in phytoplankton is an adaptation to the UV radiation that is present in all 

solar radiation. MAAs have been well studied in phytoplankton, and in 1991 were 

discovered in high concentrations in Antarctic krill by Karentz et al .. This finding led 

me to examine the following aspects of MAAs in krill: 
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• Mechanism of MAA acquisition (Chapter 4) 

• Patterns of MAA abundance in the wild (Chapter 5) 

• Patterns of MAA abundance in krill tissues (Chapter 6) 

• Effect of high MAA concentration on susceptibility to UVB radiation (Chapter 7) 

Mechanism of MAA acquisition. 

Early work on MAAs in Antarctic species (Karentz et al., 199lb) and circumstantial 

evidence (Dunlap et al., 1995) suggested that MAAs are derived from dietary algae. 

In order to test this hypothesis, feeding experiments were designed and performed to 

investigate the rate of MAA uptake, if krill were able to produce MAAs via de novo 

synthesis, and whether differences in irradiation of the dietary algae caused 

differences in the MAA content of the krill (Chapter 4, Newman et al. In Press). This 

work showed that krill can acquire MAAs from dietary algae, and was the first work 

that showed that the irradiation of the algae has a significant effect on the final MAA 

concentration of consumer krill, with mycosporine-glycine:valine dominant in krill 

fed algae irradiated under PAR+UV A/B, and porphyra-334 dominant in krill fed 

algae grown under PAR only. In addition, analysis of krill killed by high levels of 

UVB radiation in work described in Chapter 4 showed that MAA concentrations 

were not significantly different in krill maintained under various combinations of 

PAR, UV A and UVB, suggesting that during the course of the experiment, krill did 

not produce MAAs de novo when exposed to high doses of UVB, UV A or PAR, 

compared with krill maintained in darkness. This latter finding was expected, given 
) A 

that animals have not been observed tq produce MAAs without _!;ymbionts, due to the 

lack of the shikimic acid pathway which is vital to MAA synthesis (Shick et al., 

1999). The experiments showed that laboratory-maintained krill acquire MAAs from 

dietary phytoplankton, and also provided an experimental framework for the 

manipulation of MAAs in krill, which allowed later work on the effect of high MAA 

concentration on mortality and activity. 

Patterns of MAA abundance in the wild 

The analysis of the MAA content of wild-caught krill provided further evidence for 

dietary accumulation, with patterns of total MAA content appearing similar to 

patterns of total algal abundance in terms of chlorophyll a concentration. This 

implies that the mechanism of MAA acquisition demonstrated in Chapter 4 also 

152 



General discussion 

occurs in nature. This work also showed that as krill become larger, MAA 

concentrations decrease, suggesting that in the wild, smaller animals have a greater 

degree of protection than larger animals. This is in agreement with earlier findings 

that suggest that young krill may be more susceptible to UVB radiation than older, 

larger animals (Chapters 2 & 7), which may be important if a year of high ozone 

depletion follows a year of good krill recruitment, as discussed previously. 

Patterns of MAA abundance in tissues of laboratory-reared krill 

Once the source and acquisition of MAAs had been investigated, the location of 

MAAs in krill was examined. In order for MAAs to be effective sunscreening agents, 

it was hypothesised that MAAs should be most concentrated in and around tissues 

that require protection. This was found to be the case, with the highest observed 

concentrations of most MAAs (mycosporine-glycine:valine, porphyra-334, shinorine, 

palythine, palythene, palythinol, asterina-330) generally found in the eyes. Asterina-

330, a trace MAA, was found overwhelmingly in the eyes and nowhere else, which 

was also shown to be the case in coral trout (Dunlap et al., 1989). This selective 

concentration of a substance acquired via the diet implies strongly that MAAs are 

utilised in krill eyes for the purpose of protection from UVB radiation, either to 

prevent damage or allow greater visual acuity by removing interference from short

wavelength radiation (Muntz, 1973). 

The only MAA not to follow the pattern described above was mycosporine-glycine. 

This MAA was evenly distri'but'ed throughout all krill tissues analysed. Mycosporine

glycine absorbs the shortest wavelengths of the MAAs found in krill and is a mild 

anti-oxidant, two characteristics that make it an effective UV-protectant. It is 

possible that on the whole, MAAs are best utilised in reducing incident light on the 

krill's sensitive eyes, with the exception of mycosporine-glycine, which may be more 

useful spread throughout the krill's tissues as an anti-oxidant. Another area of the 

body that would require protection, especially over spring and summer, would be the 

gonads, but samples of gonads and krill eggs were not available in this study. 

Effect of high MAA concentration on susceptibility to UVB radiation 

Once an experimental framework had been formulated for manipulation of MAAs in 

krill (Chapter 4), and when large numbers of animals were available, the effect of 

MAA concentration on krill mortality was examined. Statistical analysis showed a 
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small but measurable effect of high MAA concentrations in delaying mortality and 

reducing the detrimental effect of UVB radiation on activity. 

It is the latter effect that is of most relevance to the Southern Ocean ecosystem, given 

that short-term mortality is not likely to be a realistic result of UVB exposure in 

nature, as it is unlikely that the sustained dose rates used in Chapter 2 occur very 

often in nature. Since krill must continually swim in order to maintain a constant 

depth in the water column, exposure to UVB radiation may reduce fitness in terms of 

activity, as demonstrated in Chapters 2 & 7. Such a drop in activity may cause krill 

to sink out of surface waters, thus avoiding UVB radiation, but at the same time 

causing the ecological consequences discussed above. However, the presence of high 

concentrations of MAAs in krill may prevent this DVB-induced drop in activity, thus 

enabling krill to avoid sinking by remaining active. By maintaining their position in 

surface waters, krill would also maintain their availability to surface feeding 

predators, and ensuring the continued function of the Southern Ocean ecosystem. 

The role of MAAs in krill 

The evidence presented above, coupled with variation in MAA content compared 

with algal abundance, suggests that krill are protected by MAAs which are acquired 

from dietary algae, and that susceptibility of krill may vary geographically and 

temporally. Many factors coincide to make spring the season during which krill are 
> A 

most at risk from UVB radiation: the ozone hole, mostly clear cell-free water and 

high food availability in the form of discrete blooms of algae seeded by the retreating 

ice edge (Godlewska & Klusek, 1991; Legendre et al., 1992), and low concentrations 

of MAAs in krill after a winter of reduced feeding. 

It is also possible that this hypothesised use of MAAs to screen out UVB radiation 

may benefit krill in the event of further long-term climate change. For example, if 

ozone depletion worsens and UVB irradiance increases, it is likely that production of 

MAAs by phytoplankton will also increase (Villafane et al., 1995b). Increasing UV 

will also favour the proliferation of more UV-resistant species of phytoplankton 

which often have increased concentrations of MAAs (Karentz, 1991). From this, it is 

also possible that MAA concentrations in krill will increase, due to greater 

availability in their diet. According to the findings of Chapter 7, this increase in 
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MAA concentration may allow krill to maintain their position in the water column 

and remain a dietary component of surface feeding predators, especially flighted 

seabirds, whose feeding depth is limited to the top few metres. Thus, an increase in 

UV-absorbing compounds may have positive implications for krill and their 

predators. 

Further research on the role of MAAs in krill 

Work on mycosporine-like amino acids should be extended to the examination of 

.krill _gonads . .Despite .the .tendency .of.krill .eggs .to sink .in .the water .column .following 

spawning, the large number of examples of marine animals with MAA-rich eggs 

suggests that krill eggs may indeed contain high concentrations of MAAs, which 

may have a photoprotective and/or antioxidant function. The protective mechanism 

of MAAs should also be investigated to determine whether mycosporine-glycine is 

utilised as an anti-oxidant, and if this explains the different distribution of this MAA 

·compared· to- the ·others: Likewise; the role ·of ·asterina-330 in-krill ·eyes ·should· be 

investigated, to determine if this MAA acts as a UV-filter or has some other role in 

ocular reception. 

8.4 Conclusions 
) _ _, 

From all that has been described in this thesis and in other works, it can be seen that 

krill appear to be remarkably well adapted to the high UV that they may experience 

in the Southern Ocean. Their reaction to UVA allows them to indirectly avoid 

harmful UVB radiation, although the ozone hole may disrupt this response by 

allowing more UVB radiation through to the water surface relative to UV A. Also, 

their selective sequestration of specfic MAAs into certain tissues suggests that krill 

utilise these compounds in their secondary capacity as UV -absorbing bioproducts. 

And although the protection is not complete, the presence of high concentrations of 

MAAs protects krill from harmful UVB radiation, preventing DVB-induced 

reduction of activity. 

Krill numbers fluctuate from year to year (NiCol & de lifMare, 1993; Nicol & Endo, 

1999). While this fluctuation has been correlated with ozone depletion (Naganobu et 
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al., 1999), such effects have probably been buffered by krill's large biomass, or 

overshadowed by other environmental changes, such as the observed mid-century 

change in sea ice extent (de la Mare, 1997) or possible competition with salps, which 

may in tum be influenced by sea-ice extent (Loeb et al., 1997). This recalls the major 

problem in all research into the effects of enhanced UVB irradiance due to ozone 

depletion - the lack, or poor quality, of data describing ecosystems during the period 

prior to ozone depletion. hnprovements in sampling methodologies and remote

sensing technology in recent years highlight the limitations of older technologies. 

Despite the observation that ozone depletion during September 2000 was the worst 

that has ever been recorded (NASA press release, October 2000), clear evidence of a 

UV effect on krill remains to be seen. Other oceanographic and biological factors 

affecting krill for which evidence exists includes variation in sea-ice extent and 

competition with salps (Loeb et al., 1997; Nicol et al., 2000a) which, combined with 

other oceanographic factors are all likely have a greater short-term effect on krill 

dynamics than variation in the UV climate. This is not to say that UV has not been 

important to krill in the past, and will not be so in the future, but at present, krill 

appear to be well adapted to high UV, with or without the ozone hole. Whether krill 

fitness is affected in the future by the cumulative stress of variation in sea ice cover, 

variation in sea surf ace temperature, and increasing UV at the water surface, remains 

to be seen. 

8.5 Closing remarks 

Krill's adaptations to UV suggest that there is little risk of UV-induced damage to 

the Southern Ocean krill population. However, it is still not known for certain 

whether krill are under UV-stress in the wild. This might be investigated by further 

examination of DNA damage in wild populations of krill (in the form of cyclobutane 

pyrimidine dimers), following on from the work of Malloy et al. (1997), and looking 

for links between DNA damage and a drop in fitness. 

Finally, it is important to realise that UV is an ever-present component of solar 

radiation. Although political steps have been taken to reduce the release of ozone

depleting substances, the Antarctic ozone hole is larger than ever, and mid-latitude 

ozone depletion continues, making the investigation of UV effects of great 
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importance outside the Antarctic. It is the sincere hope of the author that UV 

photobiology continues along its present path, that is, the recognition of solar UV not 

only as a key issue in anthropogenic climate change, but as a relevant environmental 

factor outside of periods of seasonal ozone depletion. 

I ,, 
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Induction of MAA synthesis 

10 Appendix I. Effect of ultraviolet radiation on 
concentration of mycosporine-like amino acids in 
Phaeocystis antarctica. 

Introduction 

The feeding experiments described in Chapter 4 required a supply of food with a 

variable content of mycosporine-like amino acids (MAAs) in order that krill be fed 

with either a high-MAA or low-MAA diet. The algae had to be treated such that the 

only difference between the treatments was concentration of MAAs. In addition, the 

species chosen had to be a component of the diet of krill. 

Phaeocystis antarctica was chosen due to its high concentration of MAAs, its 

abundance in Antarctic waters, and the availability of axenic cultures. P. antarctica 

commonly forms blooms at the ice edge during spring, when ozone depletion is at its 

most severe and UV penetration of surface waters is at its highest (Davidson & 

Marchant, 1994; Hefu & Kirst, 1997; Riegger & Robinson, 1997). These blooms 

commonly occur during the spring melt, when ozone depletion is most severe and 

UV radiation is strong. 

Species of Phaeocystis are qorrunon subjects of study in UV photobiology Marchant 

et al. ( 1991) confirmed the presence of UV -absorbing compounds P haeocystis 

pouchetii, although they did not identify the specific compounds. More recently, 

Riegger & Robinson (1997) examined the photoinduction of UV-absorbing 

compounds, specifically MAAs, in Phaeocystis antarctica and diatom species. This 

work found that the most effective wavelength in MAA induction was 340 nm, with 

very little response to UVB wavelengths. However, like Marchant et al. the specific 

identity of the MAAs in Phaeocystis was not found. 

Davidson & Marchant (1994) examined the impact of UV on growth of Phaeocystis 

in comparison with other Antarctic marine diatoms, finding that Phaeocystis did not 

survive high UVB as well as the diatoms studied, although Phaeocystis did possess 

far higher amounts of MAAs. The diatoms had far lower concentrations of MAAs 
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---but-appeared to-avoid excessive lJVB~induced-mortality using-other means, 

specifically their silica-based frustule. 

Karentz & Spero ( 1995) found that Phaeocystis sp. responds very quickly and 

adversely to increases in UVB irradiance. Hefu & Kirst (1997) found that high UVB 

decreased the production of DMSP (dimethyl sulphonium propionate) in P. 

antarctica, and suggest that this decrease may affect the global flux of DMS 

(dimethyl sulphide) from the ocean to the atmosphere. It is this flux that is thought to 

influence cloud formation. 

In it's colonial form, P. antarctica produces a mucous substance that binds cells 

together. It is reasonable to suggest that krill may not be able to eat the algae due to 

the propensity of the mucous to clog the krill's feeding appendages. However, It has 

been shown previously that krill do indeed eat P. antarctica (Virtue, 1995). Although 

the algae may not be the first-choice food item, at times when abundance of P. 

antarctica is greatest, they may be the only available species on which the krill may 

feed. On this basis, P. antarctica is a valid species for use in feeding experiments. 

Materials and methods 

The first attempt at producing high and low MAA algal diets attempted to use 

differences in age of the culture to produce differences in MAA concentration. A 

trial extraction of "old" and i'new" cultures revealed that cultures in growth phase, i. 

e., those inoculated duri!lg th~ previous three weeks (Fj.gure 10.2), had a hjgher 

concentration of UV -absorbing compounds (UV A Cs) than a culture that had reached 

stationary phase (Figure 10.1). It was believed that such a difference in UVAC 

content could be used to grow a high and low MAA diet, by growing cultures at 

different times. 

The second attempt used the irradiation apparatus used for live krill (Figure 2.1), 

drained of water, and grew similar cultures under different irradiance conditions. 

Approximately 50 ml of P. antarctica (strain Al.3 courtesy of Dr. Andrew 

Davidson, Australian Antarctic Division) was inoculated into a 5 L culture flask 

containing 4 L of GP5 media. This culture was used for all subsequent inoculations. 

Sufficient GP5 culture medium was made up to fill 24 x 200 ml UV-transparent 

culture vessels (Falcon clear polystyrene) with a volume of 150 ml. The cultures 
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were made up to 200 ml with 50 ml of the 5 L flask culture, then 6 cultures were 

placed under each irradiation regime (Table 10.1). The cultures were irradiated for 

two weeks on a 10: 14 photoperiod, at an ambient temperature of 4 °C. Culture vessels 

were swirled by hand twice daily. 

Table 10.1 Irradiation used for photoinduction of MAAs in Phaeocystis antarctica. 

All units in Wm"2 

UVB 
irradiance UVA PAR 

Treatment (unweighted) irradiance irradiance Total irradiance 

High UVB 0.918 (± 0.06) 5.73 (± 0.09) 24.30 (± 0.17) 30.948 (± 0.21) 

UVA, PAR 0 5.01 (± 0.21) 24.33 (± 0.19) 29.34 (± 0.82) 

PAR 0 0 33.83 (± 1.09) 33.83 (± 1.09) 

Dark 0 0 0 0 

On each appointed day (0, 7, 10, 15, 20), one culture vessel was taken from each 

treatment and labelled. Under axenic conditions, 40 ml of culture was removed from 

- -each-vessel-and-spun-down-at-2000 rpm for 15 minutes-until the-culture-was-Clear 

--apart-from a-pellet-of algae-at-the base-of the-tube.-Depending-on the day-of-the 

experiment, the culture medium was either decanted and kept for further analysis, or 
' ~ 

discarded. 

The remaining algal pellet was extracted using 3 serial extractions using 2 ml of 

absolute methanol. Extractions lasted one hour, after which the mixture was spun 

down as described above. The supernatants were decanted and pooled. 

The extracts were then examined using a GBC scanning spectrophotometer. 

Absorbance maxima were identified and noted and the chlorophyll a : MAA ratio 

calculated using maxima at approximately 663 nm for chlorophyll a and at the 

maximum UV absorbance for MAAs. All substances contributing to the absorbance 

peak in the UV were assumed to be MAAs. Two aliquots of 1 ml were evaporated to 

dryness and stored at -86°C for HPLC analysis including identification of MAAs. 
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Results 

A spectrophotometric scan of a methanol extract of "old" Phaeocystis antarctica 

shows a shoulder from 310 to 340 nm which is probably due to a small concentration 

of MAAs (Figure 10.1 ). In comparison, a scan of a "new" culture shows a clear peak 

at approximately 325 run, strongly indicating the presence of MAAs (Figure 10.2). 

The "old" scan also shows a very high absorbance between 250 and 300 nm, and a 

high peak at 261 nm. This last spectral characteristic is not present in the scan of the 

"new" culture, and it's cause is not known. Representative chromatograms of each 

treatment show the retention times and broadly represent the ratio of certain MAAs 

(Figure 10.3). 

Figure 10.4 shows the growth of the experimental cultures over 20 days, expressed as 

the absorbance at 663 nm, the wavelength of maximum absorbance of chlorophyll a, 

as well as increasing concentrations of MAAs (absorbing between 310-360 nm). 

Phaeocystis under any kind of illumination appears to grow faster than the algae in 

darkness. The algae appear to stop growing between day 10 and day 15, whereupon 

the amount of chl a in illuminated treatments declines to similar levels. 

Different light treatments promoted the production of different MAAs (Figure 10.5). 

Mycosporine-glycine:valine was most concentrated in algae grown under 

PAR+UV A/B, less so under PAR+UVA without UVB, but was negligible in algae 

grown in the absence of UV wavelengths. Porphyra-334 was most concentrated in 

algae grown under PAR+UV A/B, but surprisingly, was almost absent in algae grown 

under PAR+UV A. However, significant concentrations of porphyra-334 were 

present in algae grown under PAR-only. Concentrations of shinorine were low, but 

again, levels were highest in algae grown under PAR+UV A/B. The results show 

clearly that algae grown under P AR+UV AIB produced the highest concentrations of 

MAAs. In addition, algae maintained in darkness had negligible levels of all MAAs. 
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Figure 10.1 Spectrophotometer scan of methanol extract of "old" Phaeocystis antarctica 
culture 
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Figure 10.2 Spectrophotometer scan of methanol extract of "new" Phaeocystis 
antarctica culture. 
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Figure 10.3 Representative chromatograms of Phaeocystis antarctica grown under PAR 
only, PAR+UVA, PAR+UVA+UVB and darkness. 
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Figure 10.4 Spectrophotometric scans of methanol extracts of P. antarctica grown 
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Appendix I: 178 



-A 

-,.... 
.'...J 
Ol 
E -c: 
0 

~ .... B .... 
~ 
0 c:: 
0 
0 

c 

150 

100 

50 

0 

80 

60 

40 

20 

0 

15 
10 
5 
0 

Mycosporine-glycine:valine 

Porphyra-334 

Induction of MAA synthesis 

····b.···· PAR+UVA+UVB 

---o--· PAR+UVA 

--.o--· PAR 

--o- Dark 

•••••• A 

......... A············~················· .. ... 
.. ·· ,,,""'>"--------------0 ,.·· ,,,. 

.-·· _. .. -<:!"'JI'..,. .. -·· _ ... .,,. ... ':-..o-_ 
... ·:;:~:.-::~-..::. - -- - - ..... -'0- - - - - - - ..... -

i Shinorine A 
···········:.:·:..:·:b:·:·~:·::···l:r····················· 

........ =-~==:::--=:::--=- - - -§=- ----a--....................... ·e 
I " - . 

0 5 10 15 
Time (Days) 

Figure 10.5 Concentration of MAAs in Phaeocystis over 20 days of irradiation. 

Discussion 

The results suggest that the PAR and UVB treatments produce the most extreme chi 

a: MAA ratios. In addition, the growth rates between the two cultures are broadly 

similar, meaning that equalising the amount of cells based on the concentration of chi 

a will be easier. The algae irradiated by UV A maintained an even position between 
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the UVB and PAR treatments, and in terms of growth rate was extremely similar to 

the UVB treatment. The dark treatment consistently showed the lowest concentration 

of chl a and the lowest MAA : chl a ratio. 

The results suggest that of all the treatments, the UVB and PAR treatments are the 

most suitable light regimes with which to induce high and low MAA concentrations 

in Phaeocystis antarctica. Although the dark treatment would have shown the lowest 

MAA : chl a ratio, the algae grew far too slowly to be of practical benefit to the 

feeding experiments. 

Despite the lack of a MAA : chi a ratio, MAAs were probably present in day 0 

extracts. However, absorbance peaks were not detectable using spectrophotometric 

techniques. The ratio of 0 for the day 20 dark treatment can also be explained this 

way. 

The incubation temperature of the cultures was 6°C. This is a significantly higher 

temperature than that experienced by the species in nature. This is not a problem in 

this case, as the aim of this section of work was not to examine the relative 

concentrations of MAAs, and not specific information on growth. The aim was not to 

use this knowledge in discussions of the species' ecology, but to ascertain the best 

culture techniques to yield a "high" and "low" MAA diet. It is obviously preferable 

to grow the species at 0°C, however, given the number of experimental treatments in 

the pilot study, the facilities for doing this were not available. 

The second method (photoindu~tion) is the superior of the two because time is 

removed as a factor. Both cultures receive identical treatment apart from the light 

climate under which they grow, and are ready for the feeding experiments at the 

same time. The use of old and new cultures is unsatisfactory because the situation is 

heavily dependent on time; if the cultures are at different growth phases, there may 

be differences in the chemical composition of the cells, which may alter their 

nutritional value. 

Appendix I: 180 



Calibration of HPLC 

11 Appendix II. Preparation of MAA standards and 
calibration of HPLC equipment 

Introduction 

High-performance liquid chromatography (HPLC) is a very precise and reliable 

means of identifying and quantifying compounds on the basis of their polarity and 

their absorbance at different wavelengths. At its heart, HPLC is a simple process; the 

movement of soluble polar analytes at different speeds through a column filled with 

packing material, usually detected via its absorbance at a single wavelength at a 

-- particular-time.- However, because· of the· huge variety·of cumpounds-that can be 

analysed, there is an equally wide variety of possible configurations of column type, 

solvent ~ype and concentration; flow rate, etc. Findip.g the best method· of ~eparation 

and quantification is often a matter of trial and error. 

This study made use of secondary standards, that is, purified natural extracts 

containing two or more MAAs in natural concentrations, measured on HPLC 

apparatus calibrated from primary standards. The calibration of the HPLC described 

below was a vital step in the process of separating, identifying and quantifying 

MAAs. 

Materials & Methods' ., 

Preparation of the secondary standards took place over three weeks at the Australian 

Institute of Marine Science (AIMS) at Cape Ferguson, Queensland, under the 

supervision of Dr. Walt Dunlap. 

Extraction procedure 

The species used, as well as the MAAs obtained from them, are listed in Table 11.1. 

All species underwent a similar extraction protocol. Four accurately-weighed 

-quantities of 1-5 -grams -(depending on -the species) -of finely chopped sample -were 

extracted four times in 20 ml of 100% methanol for 1 hour. The extracts were 

· centrifuged ·at -2000-rpm for· 1 O- minutes-and all ·supernatants· were· pooled-in a round

bottomed flask. The samples were dried down to a thick syrup on a Roto-Vac rotary 
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evaporator. This syrup was reconstituted with 50 ml of Super-Q pure water, then 

returned to the Roto-Vac to ensure the evaporation of all methanol. The solution was 

passed through a C1s reverse-phase Sep-Pak and collected into another round

bottomed flask. The Sep-Pak was layered with 1.5-2 centimetres of diatomaceous 

earth (Ce-Lite) to remove insoluble materials, then activated with 50 ml methanol, 

then washed through with 50 ml Super-Q. The round-bottomed flask was washed 

twice with lOml Super-Q which was then passed through the filter and collected into 

the flask. 

Table 11.1 Species used for preparation of secondary standards 

Species Common name/origins 

Palythoa tuberculosa Zooanthic coral 

Porphyra tenera ("Nori") Green macroalgae 

MAAs present 

Mycosporine-glycine 

Palythine 

Palythinol 

Porphyra-334 

Shinorine 

Mastocarpus stellata Red algae from Maine, USA Shinorine 
(Supplied by J. Malcolm Shick) 

Anthopleura elegantissima See Anemone Mycosporine-2glycine 

Lissoclinum patella Colonial ascidian 

Plectropomus leopardus , Eye of Coral Trout from Great 
Barrier Reef, Australia 

Mycosporine-taurine 

Mycosporine-glycine 

Shinorine 

Asterina-330 

Palythene 

Palythine 

The Ce-lite was replaced and the filter bed washed through with ethanol, methanol, 

then Super-Q. The extract was passed again through the filter, and the round

bottomed flask washed with 2 x 10 ml Super-Q to ensure that the maximum amount 

---of.extract passed was recovered.-A rough-dilution-(appr-oximately 1:20) was-made up 

and checked on a Hitachi scanning spectrophotometer. All peaks lay between 300 

and 360 nm, within UVB/UV A wavelengths. The remainder was frozen at -20°C 
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and freeze-dried overnight to remove all water. Once completely dry, the sample was 

re-eluted in 60 ml 100% methanol in preparation from HPLC analysis. 

Separation and identification 

To separate the compounds we used a Brownlee RP-8 column, and an aqueous 

mobile phase of either 25% or 55% methanol, with 0.1 % acetic acid. We used a 

Waters HPLC system, utilising dual-beam detection at 313 and 340 nm. Volumes of 

10 µl of prepared extract were injected 5 times. Run times varied according to the 

sample. The column was not rinsed with 100% MeOH between replicate runs 

because of thy purity of the SaIJlples, although the column was thoroughly rinsed 

after each sample type had been injected. For each chromatogram, peaks 

corresponding to particular MAAs were identified according to known retention 

times. For the five injections, the highest and lowest values were discarded, and the 

means taken for the remaining three values. The amount of MAA in each sample was 

calculated according to Equation. The conditions of the analyses are summarised in 

Table 11.2 

Table 11.2 Conditions and calibration factors used to quantify secondary standards. 

Analysis performed on a Brownlee RP-8 column in a Waters HPLC. Flow rate 
in all cases was 0.8 ml min-1. All data kindly supplied by Walt Dunlap. 

Mobile phase 

MAA MW A. max. Detection (incl. 0.1 % acetic acid) I.U. ng·1 

- -Mycosporine:.glycine - 245, - "-310 - "313 - -25% methanol - -12;968 

M ycosporine-taurine 295 309 313 55% methanol 10,770 

Shinorine 332 334 340 55% methanol 15,819 

Porphyra-334 346 334 340 55% methanol 15,211 

Mycosporine--2glycine 302 331 "340 55% methanol 17,391 

Palythine 244 320 313 25% methanol 13,163 

Asterina-330 288 330 340 25% methanol 18,685 

Palythinol 302 332 340 25% methanol 17,765 

Palythene 284 360 340 25% methanol 13,403 

Once quantification was complete, we dried down 20 x lml aliquots of quantitative 

standard under vacuum using a rotary evaporator. Eight vials of each standard were 

retained by Walt Dunlap at ATh1S, stored at-20°C. The remainder were divided 

between the author and Ilsa Kuffner, a PhD candidate from the University of Hawaii 
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also at AIMS for preparation of secondary standards. Remaining standards were 

dried in 2 ml vials as "non-quantitative" standards for use in column testing and peak 

identification. 

While the quantification of standards was carried out using a 4-year-old Brownlee 

RP-8 column, attempts were made to achieve good separation of peaks using a new 

RP-8. However, due to a change in the manufacturing process of the columns, peak 

separation on both Brownlee- and Alltech-supplied RP-8 columns was poor and 

erratic. A Phenosphere C-8 reverse phase column (Phenomenex) was tried with fair 

results, although certain compounds at low concentrations did not separate. Figure 

11.6 shows the poor separation of asterina-330. Later attempts using the Phenosphere 

were more successful. 

Secondary calibration of HPLC equipment 

Although separation of compounds using a Brownlee RP-8 column was successful at 

AIMS, the separation took place on an old column of at least 3 years. More recently 

constructed Brownlee RP-8 columns were no longer suitable, showing poor 

separation of MAAs. This is most likely due to a change in ownership of the column 

fabrication division of Brownlee, and a change in manufacturing procedures enough 

to disrupt the unconventional chemical conditions necessary for MAA separation. 

Although secondary standards had been obtained and quantified, the column that we 

planned to use was not satisfactory. Alternative options were investigated, including 

__ a Nucleosil column. 

Phenomenex Nucleosil C-8 column 

A study on occurrence of MAAs in tropical scleractinians by Teai et al. (1997) used 

a Nucleosil C-8 column (silica base manufactured by Machery-Nagel, supplied by 

Phenomenex), and reported a different elution order and good peak separation. A 

column of this kind was purchased, tested, and subsequently used to calibrate the 

Shimadzu HPLC for quantification of MAAs. All conditions were the same as those 

used by Teai et al. (1997). Mobile phase was 10% methanol, 0.1 % acetic acid, flow 

rate was 0.5 ml min-1
. Detection was at 313 and 340 nm. The dried samples were 

redissolved in a solution of 10% methanol and 0.1 % acetic acid, i. e., the same 

composition of the mobile phase. This step differed from Teai et al. (1997), who 
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used double distilled water in the injections. This step was not likely to make any 

difference to final values, but may have led to differences in peak separation. In 

general, it is always advisable to inject samples dissolved in the mobile phase 

(Meyer, 1997). 

Samples were sonicated for ten minutes and mixed on a vortex mixer for five 

minutes, then filtered through a 0.45 µm cellulose filter to remove any remaining 

solids. Filtered samples were then injected 5 times. Due to the high precision 

between runs, the mean was taken from all 5 values. The mean integrated peak area 

for each set of analyses was processed through Equation 2 to yield a calibration 

factor for each MAA as 1.U ng-1
, that is, the number of peak area units that 

correspond to 1 ng of MAA. Example chromatograms are included as Figures 11.6-

10. 

Phenomenex Phenosophere C-8 

Although the Nucleosil column's performance was satisfactory, and the column was 

used for several parts of this work, some of the separation characteristics of certain 

MAAs, especially asterina-330, were less than ideal. Inquiries with the Phenomenex 

company led to the purchase and trial of another Phenosphere C-8 reverse-phase 

column, designed as a replacement to the old Brownlee RP-8. This column was 

calibrated as above, and used for the bulk of the project. No sample chromatograms 

appear in this Appendix, as separation characteristics are similar to the "old" 

Brownlee RP-8 column (Figure~s 11.1-5). Secondary calibration of the Shimadzu 

HPLC using the Phenosphere column at Kingston followed the same procedures as 

for 

Calibration for mycosporine-glycine:valine 

Mycosporine-glycine:valine is a common MAA in Antarctic species (Karentz et al., 

199lb). Since no secondary standard existed for this MAA, several dried extracts of 

Phaeocystis antarctica, a species thought to be rich in this MAA, were sent to ATh1S 

for analysis by Dr. Walt Dunlap. The stability of the compound meant that the 

sample could be accurately identified and quantified on a calibrated HPLC unit, then 

dried again, returned to the Australian Antarctic Division and measured on the 

Shimadzu unit. From this, a tertiary calibration could be achieved with sufficient 

accuracy for quantification of unknown samples. 
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Results & Discussion 

-The results-ofHPLC-of the prepared quailtifative standards appear in Table 11.3. 

Example chromatograms from each species appear as Figures 11.1-11.5 (Lissoclinum 

patella has been omitted because it was not used to calibrate the Shimadzu HPLC). 

Run-to-run consistency in retention times varied between 1-15 seconds. Peak areas 

were very consistent, with standard error ranging from 0.3% to 2.21 % of the mean. 

The resulting calibration factors from the secondary calibration of the Shimadzu 

HPLC are listed for the Nucleosil column (Table 11.4) and the Phenosphere (Table 

11.5). 

The preparation of these secondary standards was made possible by the prior 

preparation of primary standards, which were quantified by use of gas 

chromatography/mass spectrometry (GCMS). The Waters HPLC unit used at AIMS 

was calibrated using this data. Although removed from highly accurate GCMS 

measurements by one step, the secondary standards could be measured with high 

precision and, because of the initial calibration based on primary standards, high 

accuracy. 

Initial attempts to use the Phenosphere were most likely unsuccessful because of 

inexperience with HPLC techniques, such as daily rinsing and preventative 

maintenance. Once these techniques and procedures were mastered, the Phenosphere 

C-8 column was used with much greater success. 

The detection equipment on the Shimadzu HPLC used to gather data was a dual

wavelength detector. While satisfactory, more reliable and positive identifications 

may have been made with the use of a diode array detector, which collects data at 

multiple wavelengths in real time, and can identify not only a peak of detection in 

time, but also the spectral peak of the substance passing through the detector. Since 

many MAAs possess very distinct and diagnostic wavelength absorbance maxima, 

this equipment would be of great benefit in more reliable MAA identification. 
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Table 11.3 Results of HPLC on quantitative standards for the purpose of quantifying 
MAAs 

See Table 11.2 for analytical conditions. 

Calculated 
%SE 

concentration 
(mean 

Species MAA (ng/ml) peak area) 

Palythoa tuberculosa Mycosporine-glycine 117913 1.01 

Palythoa tuberculosa Palythine 110433 1.28 

Palythoa tuberculosa Palythinol 18375 1.23 

Mastocarpus stellata Shinorine (25 % ) 179424 0.30 

Mastocarpus stellata Shinorine (55%) 177444 0.34 

Porphyra tenera (Nori) Shinorine 15299 1.76 

Porphyra tenera (Nori) Porphyra-334 246856 1.34 

Plectropomus leopardus Asterina-330 120623 1.27 

Plectropomus leopardus Palythine 6207 1.23 

Plectropomus leopardus Palythene 17532 1.24 

Lissoclinum stellata Mycosporine-glycine (25%) 32608 1.20 

Lissoclinum stellata Shinorine (25%) 115763 1.27 

Lissoclinum stellata Mycosporine-glycine (55%) 36077 2.21 

Lissoclinum stellata Shinorine (55%) 115097 2.17 

Plectropomus leopardus (fresh) Asterina-330 11470 0.55 

Plectropomus leopardus (fresh) Palythine 8323 0.69 

Plectropomus leopardus (fresh) Palythene 22076 0.64 

Anthopleura elegantissima Mycosporine-2gly 112730 1.79 

Anthopleura elegantissima ' 
,, 

M ycosporine-taurine 66520 1.28 

Equation 1 Quantitation of secondary standards 

MAA = Peak area (mean) x 

Injection vol (µL) 

.l..ng x 1 nmol x 1 OOO µL x dilution 

(nmol mr1
) Calibration Mol. wt. ml 

(LU. ng-1
) 

Equation 2 Calculation of calibration factors 

Calibration = peak area (mean) x 

(LU. ng-1
) Injection vol (µL) 

.l..ng 

MAA 

x 1 nmol x 1000 µL x dilution 

Mol. wt. ml 

(nmol mr1
) 
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Figure 11.1 Chromatogram for quantitative standard of Palythoa tuberculosa 

Brownlee RP-8 column on a Waters HPLC. Note peaks for mycosporine
glycine, palythine, asterina-330 and palythinol. 
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Figure 11.2 Chromatogram for quantitative stan4ard of Mastocarpus stellata 

Brownlee RP-8 column on a Waters HPLC. Note peak for shinorine. 
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Figure 11.3 Chromatogram for quantitative standard of Porphyra tenera (Nori) 

Brownlee RP-8 column on a Waters HPLC. Note peaks for shinorine, 
porphyra-334, palythine and asterina-330. 
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Figure 11.4 Chromatogram for quantitative standard of Plectropomus leopardus 

Brownlee RP-8 column on a Waters HPLC. Note peaks for palythine, asterina-
330 and palythene. 
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Figure 11.5 Chromatogram for quantitative standard of Anthopleura elegantissima 

Brownlee RP-8 column on a Waters HPLC. Note peaks for mycosporine
taurine, mycosporine-2glycine, and smaller peaks for shinorine and porphyra

. 334. 
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Figure 11.6 Chromatogram of Palythoa tuberculosa (Nucleosil C-8 column, Shimadzu 
HPLC). 
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Figure 11.7 Chromatogram of Mastocarpus stellata (Nucleosil C-8 column, Shimadzu 
HPLC). 
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Figure 11.8 Chromatogram of Porphyra tenera (Nori) (Nucleosil C-8 column, Shimadzu 
HPLC). 
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Figure 11.9 Chromatogram of Plectropomus leopardus (Nucleosil C-8 column, 
Shimadzu HPLC). 
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Figure 11.10 Chromatogram of Anthopleura elegantissima (Nucleosil C-8 column, 
Shimadzu HPLC) 
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Table 11.4 Calculated calibration factors for a Shimadzu HPLC with a Nucleosil C-8 
_column. 

Mobile phase was 10% methanol, 89.9% water, 0.1 % acetic acid. Injection 
volume was 20 µland flow rate was 0.5 ml min"1

• Samples were 1:9 diluted. (1.U. 
= peak area integration units from chromatogram; MW = molecular weight). 

* NOTE Calibration for mycosporine-glycine:valine resulting from tertiary 
calibration (see text for details) 

Retention 
MAA Source A. time I.U. ng·1 %SE 

Shinorine Mastocarpus 340 6.5 12,248 0.18 
stellata 

M ycosporine-2Glycine Anthopleura 340 6.9 14,488 0.24 
elegantissima 

Porphyra-334 Porphyra 340 7.1 12,782 0.30 
tenera (Nori) 

Mycosporine-glycine Palythoa 313 7.4 10,987 0.37 
tuberculosa 

-Palythine P. tuberculosa 3-13 £.5 1-1,499 -0.-13 

Asterina-330 Plectropomus 340 9.1 14,493 0.20 
leppa:rdus 

Palythinol P. tuberculosa 340 9.9 13,264 0.46 

M ycosporine-taurine A. 313 10.4 9,274 0.16 
elegantissima 

Palythene P. leopardus 340 19.9 12,432 0.17 

*Mycosporine- P. antarctica 340 7.8 17,853 0.16 
glycine:valine 
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Table 11.5 Calculated calibration factors for a Shimadzu HPLC with a Phenosphere C-
8 column. 
Mobile phase was 40% methanol, 59.9% water, 0.1 % acetic acid. Injection 
volume was 20 µI and flow rate was 0.8 ml min"1

• Samples were 1:9 diluted. (l.U. 
= peak area integration units from chromatogram; MW = molecular weight). 

* NOTE Calibration for mycosporine-glycine:valine resulting from tertiary 
calibration (see text for details) 

Retention 
MAA Source A, time I.U. ng·1 %SE 

Shinorine Mastocarpus 340 4.6 7,273 0.18 
stellata 

M ycosporine-2Gl ycine Anthopleura 340 5.4 8,845 0.24 
elegantissima 

Porphyra-334 Porphyra 340 5.1 7,060 0.30 
tenera (Nori) 

Mycosporine-glycine Palythoa 313 3.6 5,979 0.37 
tuberculosa 

Palythine P. tuberculosa 313 8.5 5,940 0.13 

Asterina-330 Plectropomus 340 8.9 8,622 0.20 
leopardus 

' 
... 

Palythinol P. tuberculosa 340 9.3 7,487 0.46 

M ycosporine-taurine A. 313 4.4 5,745 0.16 
elegantissima 

Palythene P. leopardus 340 12 5,134 0.17 

*Mycosporine- Phaeocystis 340 6.5 9,772 0.15 
glycine:valine antarctica 
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