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ABSTRACT The in¹uenoe Of SOlar uttravioiet radiatiOn On copepOdS Waa determined in the lagOOn at COCOnut ISland, Hawai'i
The influenCe Of UV-B On egg hatching rate waa determined uaing LaCvdtcoera rnadurae. The eggS were incubated in quartZ
bottles under natural solar radiation. The dose of UV-B was controlled for the duration of the investigation by covenng the
bcttfes with a lumiiar Sheet whiCh abscrbed SOlar radiaticn ShOrter than 315 nrn. The influence Of UV-B On SurVrval rate Waa
determined using nauplii of ~ spp Survival rate of the nauplii did not decrease with UV-B radiahon. Nauphi in the
expenmental bottle with UV-B radiation molted to ~id stages at a rate simdrar to the those in the control bottle ~
UV-B. Theae reSulta indiCate that <mpepoda diatnbuted in the lagOOn at COCOnut Iaiand are well-prOteCted frbrn preaentday
levels of Uv-B radiation

INTRODUCTION
Copepods are the most dominant zooplankton and play an important role in marine

ecosystems, It is known that UV-B radiation influences their survival rate  Dey et ai., 1988!,
fecundity and egg hatching rate  Karanas et ai�1981!. In oceanic waters, many copepods may
avoid UV radiation through diet vertical migration behavior. They dtstribute throughout the deep
layers during the day and migrate to the food-abundant surface layer during the night. Copepods
can not, however, avoid UV radiation by vertical migration while in shallow environments such as
lagoons, estuaries, or tidal ponds. It would, therefore, be expected that copepod distribution in
shallow environments would be either severely influenced by solar UV-B radiation or they would
be well-adapted to the photo-environment and little influenced by present-day levels of UV-B.

In this study we determined the influence of UV-B radiation on copepods using egg hatching
rate and nauplii survival rate in the shallow lagoon at Coconut island, Hawai'i. Animals in their early
life stages are usually more vulnerable than their later stages  Damkaer et ai., 1980!, The results
obtained, therefore, were expected to be indicative of the most sensitive effects of UV-B radiation
relating to copepod distribution in the lagoon at Coconut Island.

MATERIALS AND METHODS

Experiments were carried out in the lagoon at Coconut Island, Hawai'i  N 22 26', W 157 47'!.
During the experiments underwater photosynthetically active radiation  PAR! and UV-B radiation
were measured continously with a Biospherical Instruments underwater spectroradiometer PUV-
500. The P UV-500 measured UV-B radiation at 305 nm, 320 nm, 340 nm, and 380 nm spectra.
PAR and temperature were also measured. The sensor was set at a depth of 15 cm in the lagoon.

h hin r f i m r

Labidocera madvrae, the dominant copepod species in the lagoon, was used to investigate
the influence of solar ultraviolet radiation on the egg hatching rate. A pump was used to collect
zooplankton during the night of July 28, 1994 and L. madurae females were sorted out under the
microscope. The females were individually placed into 30 ml vials filled with filtered �,2 pm
Nucleopore fitter! seawater and maintained for 8 hours. Before sunrise on July 29, the produced
eggs were sorted and three groups of 50 eggs were each put into individual 250 ml quartz bottles
filled with filtered �.2 atm Nucleopore filter! sea water, piaced just before sunrise into a water table
containing flow-through seawater, and maintained for 48 hours. The hatching time of L. madurae
was between 30 and 36 hours at ambient temperature, UV-B dose was controlled for the durabon
of the investigation by covering the bottles with a lumilar sheet  Table I! which absorbed
wavelengths shorter than 315 nm. As a control, a dark bottle was prepared and all three bottles
were covered by the lumiliar sheet throughout the experiment. Nauplii and unhatched eggs were
counted after incubation.
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Surface water was collected with a bucket and filtered with 100 pm nylon mesh to exclude the
larger zooplankton. Filtered sea water was placed into quartz bottles and kept under natural solar
radiation in water tables with flow-through sea water. Six experimental bottles and three dark
control bottles were prepared and covered with a lumiliar sheet. The experiment was started at 6
am on July 27, 1994, Two experimental bottles and one control bottle were recovered every 24
hours for three days. Water in the bottles was concentrated to 20 ml with a 20 pm nylon mesh and
put into 20 rnl glass tubes. A lamp was placed at the top of each tube to help distinguish living-
active from living-inactive and dead animals. Living-active animals concentrated toward the lamp
by their phototaxic behavior while living -inactive or dead animals sunk to the bottom of each tube.
The bOttorn 5 ml Of water in each tube waS plaCed intO a glaSS petri diah and living-inaCtive animate
were distinguished from dead animals under a dissecting microscope, 'The rest of the water from
each tube was also placed into petri dishs to which was added 1 ml of formalin, and the animals
were then counted. Most of the animals in the samples were naupliar and early copepodid stages
of Oithona.

RESULTS

Diel changes in UV-8 radiation at each wavelength measured on July 29 are shown in
Fig. 1. The daily solar ultraviolet radiation during the experiment was approximately 90% of
that observed on July 28 when there was little cloud cover. Temperature during the
experiment was between 26.PC and 29.0'C. Hatching rates in the experimental  light! and
control  dark! regimes were higher than 98%. No significant effect of solar UV-B radiation
on Labidocera madurae egg hatching rate was observed  Fig. 2!.

Daily solar ultraviolet radiation dunng the experiment is shown in Fig. 3, Solar radiation
on July 28 was less influenced by clouds and the daily radiation was hi h t t h

gt o UV radiation and PAR during the three experimental days. Ambient water
temperature during the experiment was between 26.6'C and 29.0'C.
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Figure 1. Diel Changm in temperature, PAR, and ultraviOlet radiatian in INavetertgth Ot 305 nrn, 320 nm, 340 nm, and
380 nm at t 5 cm depth in the lagoon of Coconut Island.
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DISCUSSION
In this study the egg hatching rate of Labidocera madurae was not notably influenced by solar

UV-8 radiation. The daily UV radiation during the present experiment was approximately 90% of
that on July 28  Fig. 3!. The daily UV radiation at the summer solstice would be higher than those
observed during the present experiment. We are not sure whether solar UV radiation on a clear
day around the summer solstice would influence the hatching rate of L, madurae or not. However,
the eggs of L. madurae have a negative buoyancy and are adhesive. These characteristics of the
eggs would suggest that the eggs may sink quickly to the bottom of the calm lagoon and become
attached to the substrate. UV radiation at the bottom of the lagoon  the depth is 0.5 rn to 3 m! is
lower than the amounts employed in the present experiments, This suggests that naturally
produced eggs are usually exposed to weaker Uv at the bottom of the lagoon than the ones ln
the present experiments, and in vivo hatching may be not be influenced by UV-B.

No influence of solar UV radiation on the survival rate of Oithona nauplii was observed in this
study. It was obvious that solar UV-8 radiation did not lethally influence the naupliar stages of
Oithona . While we did not examine the influence of UV-8 on the ingestion and assimilation of
food or growth rate of Oithona nauplii, because solar UV-8 radiation had little, if any, influence on
the molts of naupliar and copepodid stages, the results suggest that ingestion and growth of
Oithona nauplii under UV-8 would be similar to that of nauplii without exposure to UV-8.

In this study no influence of solar UV-8 radiation was observed on copepods in the lagoon at
Coconut Island. However, it is known that the present-day levels of solar UV-8 radiation can cause
serious damage to copepods in temperate and boreal areas. Hatching rates of the copepod
Paracaianus sp. were decreased by soiar UV-8 radiation in October  Saito, unpublished data!,
Solar UV-8 radiation in April and June lethally affected the copepod Calanus sinicus in the inland
Sea, Japan  Uye et aL, personal communication! and UV radiation in those areas is lower than that
used in the present experiments, Therefore, we can say that copepods in the lagoon at Coconut
Island are well-adapted to their photo-environment and they are less influenced by present levels
of UV-8 radiation than Paracalanus sp. and Calanus sinicus, These differences in sensitivity to
UV between copepods may be due to differences in protection from UV radiation.

Forms of UV protection in copepods are not wel! known. Pigments and their concentration are
important for protection from UV in copepods  Rrngelberg et ai., 1984! as in the other marine
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animals  Chapman and Hardy, 1988; Shick etal., 1992!, Eggs of Paracatanus are transparent
while those of Labidacera madurae have a green pigment. It is speculated that the green pigment
in L. madufae eggs may block UV radiation and thus serve as one of the factors that makes L.
madurae eggs less vulnerable to UV than eggs of Paracatantjs.

While we have no information on UV protection in Oifhona, the results of the present study
indicate that this organism is well-protected from solar UV-B radiation. Mycosponne-like amino
acids are possible candidates to serve as protective compounds in this organism as such
compounds have been found in many marine organisms in the world ocean  Karentz ef al., 199t!.
DeterminatiOn Of SuCh UV-prOtective COmpOundS ln COpepOds adapted tO the photo-envirOnment
in the lagoon at Coconut island should be made in the future.
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ABSTRACT There is concern that reduced stratospheric ozone, snd the subsequent increase in ultrav otet radiation at the
surface of the ocean. could have an adverse effect on phytoptankton Evaluabng the possible influence of ~
stratosphenc ozone on an organism requires an accurate estimabon of the biolog cally weighted fluence rate, that is, the
effecbve dose rate. The effecbve biological dose is the integral of the  ~ spectral  rrad ance and an organism's
wavelength dependent biological response to this irradiance. Currently there is no generally accepted txolog cal we ghbng
function for assess ng the influence of ultraviolet radiabon on phytoplankton. We discuss a procedure for esbmabng the
b o!og cat weighting funcbon for observed growlh inhibibon in phytoplankton, et! !, given the inhibrled response of several
culturestos light regimes: PAR �00-700 nm!; PAR+ Uv A�20-400 nm!; and PAR+ Uv A+ Uv B f280-320 nm!
Work by Jokiel and York �984! provides %e irradiance parNions and growth inhib bon data used. An atrnosphenc model
 Green, 1980! is used to reconsbtute the spectral quality of the intxdent irradiance. Our results show that some pubbshed
biological weighting functions  DNA setlow, 1974!, generabzed plant fCatdwelh 1971!, Erythema  NAS, 1979, 1982!, and
Cullen et al. �992!! are inconsistent w th computed chant!as in dose vs. observed changes in b oit9cal response. A
funcbonal form suggested by Rundel �983! of c i! = e ' was investigated. For the  cufture Syrnbrcxfin/tan
micros~ an a, of 4.45  nrn '] produtxid the best rit Although the ex sbng data does not allow for a precise
esbmation of E !.!, the work pressn~ here provideS a methad fOr  dentrlying b OIOg Ca! we ghbng funCticnS whiCh are
 ncons stent with the experimental results of Jokiel and York.

INTRODUCTION
The determination of an appropriate weighting function is a crucial component in the

quantitative estimation of a possible ecological impact of increased Uv-B, caused by decreased
stratospheric ozone, on phytoplankton tNAS, 1979, 1982, 1984; Rundel, 1983; Caidwell et al.,
1986!. Biological weighting functions  also called "action spectra"! are used, along with spectral
irradiance, in calculating biologically weighted fiuence rate  or "dose"!.

Q= f c ki E ki di.

where 6<X! is the wavelength dependent action spectrum and E A! is the spectral irradiance.
Representative spectral curves are shown in Fig. 1. Biological fluence rates can be especially
sensitive to changes in the spectral irradiance particularly when the wavelength dependent
slopes of 6 k! and E X! are opposed,

All the action spectra considered were normalized at 290 nrn, i.e., E !.! �... = c X!/e�90
nrn!. For the subsequent discussion the subscript 'normalized' is assumed and this notation
dropped.

The SpeCtral Shape Of 6 k! will greatly influenCe the pOtential effeotS Of OZOne diminutiOn on
phytoplankton productivity. It is possible for a relatively large increase in rniddle ultravio!et  UV-B
280- 320 nm! radiation to cause only a small fractional increase in the biological fluence rate. This
could be true if the action spectrum for a biological effect on phytoplankton 6 k!, were evenly
weighted across the ultraviolet and visible wavelengths or had a peak somewhere in the visible, ln
this case, the potential for ozone diminution to effect phytoplankton productivity would be small.
Conversely, if sf'! is highly weighted in the near and middle ultraviolet, the potential for effects on
phytoplankton productivity could be significant, Conclusive evidence of reduced alga!
productivity due to UV-B exposure has been demonstrated by many investigators  Worrest et al.,
1978, 1980, 1981; Smith and Baker, 1980; Worrest, 1982, 19B3; Haeder, 1984, 1985, 1986,
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1987; Haeder and Haeder, 1988; Smith et al., 1992!. UV-B penetrates natural waters to
ecologically significant depths  Jerlov, 1950; Calkins, 1975; Smith and Baker, 1979, 1981! so
there is a potential to adversely influence phytoplankton productivity. The estimation of dose as a
function of depth  Smith and Baker, 1979! is strongly dependent on the spectral shape of e�!.

There are several potential action spectra which have been suggested as biological weighting
functions for describing the effects of enhanced UV-B on phytoplankton productivity. In spite of
the importance of accurate action spectra, there is considerable uncertainty with respect to the
primary target for inhibition and the corresponding z !,l. Smith �989! and Smith and Baker
�979! have reviewed the problems associated with these uncertainties. These authors point out
that usual "C techniques for estimating phytoplankton productivity in which relatively short-term
incubations provide an estimate for the biological weighting for photoinhibition e� X!, may be
inadequate for assessment of possible longer term UV-B damage that may be ecologically
significant,

As an alternative to "C productivity experiments, Jokiel and York �984! carried out long term
�-2 weeks! monoculture expenments with natural sunlight and combinations of UV filters and
neutral density filters to determine the relative importance of present day levels of solar UV
radiation and PAR in causing rnicroalgae growth inhibition. These workers found that tong-term
growth photoinhibition  when observed! was "due almost entirely to UV radiation." They used
various radiation regimes which included PAR �00 - 700 nrn!, UV-A �20 - 400 nm! and UV-B
�80 � 320 nm! and natural solar radiation was filtered into 3 light regimes; PAR, PAR + UV-A, and
PAR + UV-A + UV-B. Each regime was then reduced to 92'/o, 38/o, 20'/o and 6'/o of its intensity
using neutral density filters, giving twelve radiation treatments for each experiment. We use their
data in the following.

MATERIAL,S AND METHODS
Abridged spectrophotometry  Nachtwey and Caldwell, 1975; Smith and Baker, 1982! is a

method which can be used for estimating e X!. This involves;
1! hypothesizing a possible action spectrum,
2! calculating dose rates for the several treatments using this action spectrum;
3! plotting the computed dose rates for this hypothesized e X! vs. the observed
growth inhibition and
4! checking these results for internal consistency.

If the trial c X! has the correct spectral weighting, then all the data points would fall along a curve
describing the organism's response to varying dose rates. Using this technique, we tested
several published action spectra  Figure 2!; DNA  Setlow, 1974!, generalized plant  Caldwell,
1971!, Erythema  NAS, 1979, f982!, Photoinhibition  Jones and Kok, 1966; Smith ef al., 1980!,
and Cullen et al., �992!. As discussed below, none of these biological weighting functions
produced results consistent with Jokiel and York's �984! data. In contrast, reasonably consistent
agreement was achieved by generating an action spectrum of the form e'>' as suggested by
Rundel �983!, To test the sensitivity of the methods, we also investigated action spectra of the

forms I'e'<" and k"e'~' N = 0,1,2,3 and a, varying so as to produce a wide range of results.
By making use of the relationship  Rundel, 1983! between differential biological response

and differential biologicai effective dose,

~~ = f AE X! c X! dX �!

it is possible to associate observed fractional growth reduction with the corresponding change in
dose rate, Jokiel and York �984! observed that only UV-A and UV-B caused long-term growth
inhibition, so we took the growth rate for PAR at a particular intensity to be our baseline. The
fractional growth reduction from this value for a given treatment is plotted against the difference in
calculated dose. No assumption is made a priori about the shape of this curve; all that is required
is a relative agreement for the effects of the various light regimes consistent with the E !,! being
tested.
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The equipment necessary to accurate! y determine the spectral irradiance in the ultravioletportion of the spectrum was not available during these experiments. As a consequence, surfaceirradiance values were estimated using an atmospheric model  Green ef al., 1980! with
atmospheric parameters chosen to match the location and time of Jokiei and York's work. Themodel allows a good first order estimation of the incident spectral irradiance, and provides an
accurate estimate of the spectral shape in the ultraviolet region of the spectrum. Our absolutedose rates will be in error, but the relative values are accurate and suitable for this technique ofabridged spectrophotometry.

DISCUSSION

We found the 'best fit' of observed growth inhibition to calculated dose rates was
p'i.! = e ~ �!

 where X is the wavelength in nanometers!. Figure 3a,b,c shows the steps involved in formulating
this conclusion. In Figure 3a, the relative action spectrum is shown with respect to the various
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filtered radiation regimes. The various irradiance regimes are products of the incident solar
irradiance and the transmittance of the filters [E  X! = E ., X! T X!]. We show data from 280 - 450
nm Sinoe fOr X < 280 nm E ., k! iS inaignlfiCant and far k > 450 nm c X! iS inaignifiCant. Figure 3b
shows the integrand of Eq.  f!, and the biologically weighted fluence rate as a function of
wavelength  spectral dose vs, wavelength!. Figure 3c is a plot of the observed fractional growth
reduction versus changes in dose for the four neutral density filter treatments in the PAR + UV-A
+ UV-B light regimes. E X! is reduced through the use of neutral density filters which changes the
magnitude of the dose, calculated as shown in Figure 3b, The difference in dose due to the use
of neutral density filters is what is being referred to as "change in dose" on Figure 3c and in later
figures.

In contrast to the relative agreement shown in Figure 3c, the results for non-consistent action
spectra; a! c,~ ., b! Epi, c! EpNp and d! r~~ are shown in Figures 4 and 5. The divergence
in Figure 5 between the calculated dose rates for UV-A �'s! and UV-B �'s! give a clear indication
that the action spectra used does not represent an accurate description of the biological weighted
response to spectral irradiance. These four action spectra are insufficiently weighted in the UV-A
region to agree with the results of Jokiel and York �984!.

There are at least two reasons why the dose versus effect plots are inconsistent: first, the
weighting function under test is incorrect for the biological effect studied; second, the
assumption of reciprocity  i.e., dose is the product of intensity times time! may not hold for the
range of doses given in the experiment. We have no information with respect to dose versus
response for the growth inhibition observed here. Assuming reciprocity holds, we conclude that
biological weighting functions like s�.�, which shows a relatively high weighting in the UV-A region
of the spectrum, is required for consistency with the long-term growth inhibition results observed
by Jokiel and York �984!, If these results prove to be of general validity with respect to UV effects
on natural phytoplankton populations, then the predicted influence of enhanced UV-B on these
populations will be less than that predicted for co~ but greater that that for E

Effective irradiance and Relative Action Spectrum
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Physiological and biochemical effects of UV radiation on the
marine phytopiankton ItIannochioropsis sp. and OunaIiejla sp.
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2 Department of Life Sciences, Bar-lian University, Ramat Gan, 52tco, israel.

ABSTRACT: The effects of UV-A and UV-B radiation on photosynthetic parameters and antioxidatfve mecharvsms in
NennaohfOrcpai S Sp. and Dunafieife Sp. Were inVeStigated. BOth UV-A and UV-B radetian Ceuaed deCreased growth
rates in Nannochforopsis but did not significantty effect fauna/ieffa growth. Photosynthesis tn Wannoch!oropsis was
adversely affected pnmarily by UV-B as reflected in the reduction of Rubisco and LHCP! I levels. After 48-hours,
photosynthetic parameters such as light utihzabon efficiency and quantum utiTization recovered from the initial shock
of exposure to UV radiation. ln addison, there was a decrease in stress-responding antioxidattve enzymes and
corresponding incmases in Rubisco and LHCPlt levels. UV-B caused a significant ~ase in both Mn SOD, Cuzn
SOD and Catalase acfiviftes after 4-hours. Overall, Dunaliefla was less sensitive to uv Streas. Possibly this was due
to a wefl~vetoped oOntinuoua cell repair mecharasm WhiCh preVenbad U Vqnduced damage under these
expenmentaf conditions.

INTRODUCTION
Current concern over the world-wide effects of solar ultraviolet  UV! radiation has led to

biological investigations spanning the molecular to comtnunity levels of ecological organization.
As water covers about two-thirds of the earth's surface, the importance of understanding and
predicting the influence of UV-A and UV-B radiation on both freshwater and marine environments
cannot be underestimated, especially in view of their high penetration in seawater  Smith ef al.,
1992!. Phytoplankton, an integral component in the biogeochemical cycling process, are
susce tible to hotochernical damage due to UV radiation  Jokief, 1984!, Any profound effect on
this group o s could possibly cause an imbalance in global supplies of photosynthetically
fixed carbon and disruption of trophic dynamics.

Oxidative stress and photosynthesis are intrinsically interconnected. An oxidant is produced
as a result of illumination, Suboptimal conditions for photosynthesis, such as high iight intensity
Or IOw CO2 COnCentratiOnS, Cauae a deCreaae in the effiCienCy Of energy tranafer frOm phOtOnS tO
CO2 and reault in damage tO the ChIOrcplaetS. PhOtoaeneitiZere, SuCh aS ChlOrcphyll and ffavinS,
absorb the UV wavelengths of solar irradiance, and form reactive molecules such as triplet
excited chlorophyll and active oxygen species  e.g., 02, H202, and OH ! when excess light
energy is not dissipated as heat or fluorescence Asada & Takahashi, l 987; Asada, !994!.
Furthermore, these active oxygen species can oxidize membrane lipids and proteins, and cause
general celt destruction  Fridovich, 1986!.

Both plants and algae possess complex antioxidative mechanisms which counter the adverse
effects of oxygen radicals. These mechanisms buffer energy transfer limitations which would
ultimately lower photosynthetic activity and prevent deleterious oxidation reactions within the
cells. The superoxide �2 ! scavenging metallo-enzyme, superoxide disrnutase  SOD!, exits in
three main forms: CuZn SOD chloroplastic and cytostolicj, Mn SOD mitochondrial! and Fe SOD.
The disrnutation of 02. to Hzoz is rapidly followed by inactivation of this product by ascofbate
peroxidase or catalase by reduction or disproportionation respectively  Asada, 1994!.

Recent research on endogenous protective mechanisms in the zooxanthellae of Aiptasia
pa/lida, demonstrated significantly increased Super Oxide Dismutase  SOD! and catalase
activities after exposure to UV radiation  Lesser et al., f 989!. Cftaetoceros gracllis, a marine
diatom.was similarly exposed to UV irradiation and while there was no significant change in SOD
activity over 48-hours, catalase activity did increase on acclimation to PAR + UV  Hazzard, 1994!,
probably due to an increase in UV-induced oxygen radical production,

In this research we aimed to elucidate the nature of defined UV-induced changes in SOD
and catalase activitiy in diferent size marine phytoplankton. The relevance of species and size
differences was illustrated by Karentz ef al. �991! who showed differential cell survival
characteristics and photo-enhanced repair under conditions of UV irradiation. Therefore it is
relevant to investigate the effects of different UV wavelengths on defense mechanisms which



could affect repair mechanisms in different species. In addition, the site of the specific UV-
induced changes is indicated by the relative changes in CuZn SOD and Mn SOD. In order to
gain an insight into the effects of UV-A and UV-B radiation on photosynthesis, we established
Photosynthesis vs Irradiance  P vs I! curves which provided information on the physiological
status of the cells and the potential effects of vertical mixing in the water column.

To date, most of the work on photosynthesis has concentrated on the light intensity-
dependent regulation of ribulose-1,5-bis phosphate carboxylas~xygenase  Rubisco! and the
light harvesting pigment protein complex of photosystem II  LHCPII!  Morttain-Bertrand et at�
1990; Falkowski & LaRoche, 1991!. Rubisco is the main enzyme participating in photosynthetic
carbon fixation and LHCP II is the main protein connecting the light harvesting pigments of
photosystern II  PSll!. A positive correlation between photosynthetic parameters and Rubisco
was reported by Falkowski and Laroce �991!. Also, changes in the amount of LHCP II and
Rubisco were found during acclimatization to both high and low light levels. It was concluded that
such modifications in each protein pool play an important role in algal cells acclimating to
changes in ambient light regimes. Few reports have examined changes in Rubisco and L.HCPII
levels under UV-A and UV-B stress, so this work also gives an initial insight into molecular photo-
acclimation due to UV radiation stress.

MATERIALS AND METHODS

Cultures of the marine phytoplankton Nannochjoropsis sp.  Eustigmatophycae! and
Ounaliella sp.  Chforophycae! were obtained from the culture collection of the Hawai'I Institute of
Marine Biology  HlMB! and grown under Westinghouse "Coot White" fluorescent lights. The
cultures were inoculated in nine liters of F2 medium in order to obtain cells in a logarithmic growth
phase prior to day 1 of the experiment. Duplicate flasks of cultures  for each time period! were
incubated in an outdoor water bath and exposed to three different irradiation treatments:

~FI!te
AclavS 33c Ruoropolymer film

T ryan
Full Solar Spectrum

 UV-B+ UV-A+ PAR!

@mtej
 UVT!

MylarS Type D Ruoropolyrner filmNo UV-B

 UV-A+ PAR!
 UVA!

100'%%d Clear Acrylic Safety Glazing sheet UVO!No UV

 PAR!

The cells were analyzed after 4-, 24- and 48-hours exposure to the described conditions.
The natural irradiation was plotted during the experiments to insure that there were no major
differences in radiation dosage throughout the ~ay experiments. Rgure 1 shows a typical 24.
hour radiation profile as measured and recorded at the weather station located at the Point
Laboratory, HIMB  See Gulko ef al., this volume!.

At each time period a sample of each duplicate treatment was fixed in Lugol's solution and
the cell number was determined using a hemocytometer counting chamber and a light
microscope. Chlorophyll a and carotene were calculated for each treatment after filtration on a
G FC filter and overnight extraction in 90'%%d methanol  Jeffrey & Humphrey, 1973!.
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P t nth tic res nse

A Photosynthesis vs Irradiance  P vs I! curve was established for each of the treatments
using a YSI oxygen rnicroelectrode which measured evolution of oxygen during photosynthesis.
The oxygen released was converted into an electronic signal and the data was collected using an
analog system. Photosynthesis was then calculated per unit cell for chlorophyll  Dubinsky et al,
1987!. The photosynthetic parameters were calculated according to Fisher �987! and included
derivation of the optical cross section. The optical cross section is defined as the in vivo, spectral
average, chlorophyll a-specific absorption cross section  a ! as calculated from each culture's
absorbance and chlorophyll a concentration  Fisher, 1987!.

t 600

f400

4
5

2

200

Time

Figure t. A typical natural surface rad ation environment protila over a 24 hour period showing photosynthetically aosve
radiation  PAR! and total ulti avioiat radiation  UV ~4oo nrn!.

ntioxidativ act lv

The cells were concentrated by centrifugation at 5.000 rpm and homogenates were prepared
using glass beads and a Teflons homogenizer. The resulting suspension was spun down at
14,000 rpm and the supernatant used as the crude enzyme extract after filtration on a 0.45 p.m
Milliporets filter.

Catalase activity was measured spectrophotometrically according to Beers and Sizer �952!.
CuZn SOD and Mn SOD activities were quantified by a modiTied end-point method  Oyanagui,
1984!. Total SOD was assayed in the absence of KCN whereas Mn SOD was measured in the
presence of 3 mM potassium cyanide. CuZn SOD  KCN-sensitive! was calculated as the
difference between total SOD and Mn SOD. Total protein was estimated according to Bradford
�976!,

The hornogenate described above was further puriTied according to Sukenik et al., �992!.
The resulting protein extract was analyzed for Rubisco and LHCPll content using sodium dodecyl
sulfate  SDS! polyacrylamide-gel electrophoresis  PAGE! described by Laemmli �970!. After
separation, 10 pg protein was loaded onto each fane and the gel was stained with Coomassie
Brilliant Blue. The positions of the Rubisco and LHCPll proteins were verified by comparison with
peroxidase-stained gels which were reacted with antibodies lo Rubisco and LHCPII using the
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Western blot procedure, Polyclonal antibodies against LHCPil and Rubisco from
Nannoch/oropsis were kindly supplied by Dr. A. Livne, I.O.I.R., Haifa, Israel. A densitometer
scanner was used to calculate the amounts of Rubisco  large and small subunit! and LHCPII
according to their area on the gel. Following their staining, the gels were photographed using a
video camera. Before the optical density was measured  Image Pro Plus8 program!, the gel was
calibrated against the background using increasing concentrations of protein. Values presented
are averages of duplicate samples and were calcuiated as L area/1 0 Ii.g protein; the relative
amounts of Rubisco and LHCPII were determined for each treatment. The Lowry method �956!
was used to determine protein concentration.

RESULTS
The cloudy nature of the weather in Hawai'i caused fluctuations in the radiation profiles, but

the overall radiation intensity  PAR + UV! did not vary significantly during the course of the two, 3-
day expenments. Midday PAR values, however, varied from &00-3400 pmol photons s' m ' and
UV values varied from 3% mW cm', The pattern of incident UV radiation was always parallel to
that of PAR alone,

elf ro I

Both Nannoch/oropais and Duna/ie//a showed an increase in cell number during the course of
each ~y experiment  Figs. 2a and 2b!. Dunalielle showed little difference in growth between
the three radiation treatments although at the end of 4&-hours, both UVA and UVT gave a slightly
higher cell number, Conversely, Nannoch/oropsis showed a weIIMefined response to PAR
radiation only; the number of cells was higher at 24-and 4&-hours than under UVT or UVA
treatments.

Chlorophyll a content of Nannoch/oasis decreased on exposure to all radiation treatments
 except initially to UVO!. This was also true for Dunaliella although there were signs of a
recovery in chlorophyll content after 48-hours. This decrease may have been due to the sudden
exposure to natural high irradiances as compared to the Iow laboratory lighting. The ratio of
carotene to chlorophyll a increased with time for all treatments for Nannoch/oropsis, while this
value stayed constant throughout the experiment for Dunalie//a .

P t nthe ' me r

Typical hyperbolic curves were obtained when the photosynthetic potential of the two species
was measured under increasing irradiation intensities; representative P vs I curves for
Nannoch/orapsis  after 4-hour exposure! and Dune/i ella  atter 24-hour exposure! are shown in
Figs. 3 and 4, Photosynthesis increased up tc a saturating irradiation intensity  I�! between 60-
240 @mole photons rn ~s ', and then either remained stable or decreased with further increases in
irradiation intensity. There was a decrease in P when exposed to UVT for both
Nannochioropsis and Dunalie//aon a per unit chlorophyll and per cell basis. In Nannoc/i/oropsis,
P per unit chlorophyll increased under a UVA regime; the opposite was true for Dunalie/la,
where UVA inhibited photosynthesis more than UVT.

Oeteils of the effects of UV radiation on different photosynthetic parameters are shown in
Tables I and II for Nannoch/oropais and Dunaliella, respectively On a per cell basis, the radiation
utilization efficiency of Nannochloropsis decreased steadily after 24-hours of exposure to UV-A
and UV-B radiation, as compared to PAR only. UV-A + PAR resulted in a iess dramatic decrease
in photosynthetic efficiency after 24-hours. After 48-hoursof exposure, all Nannoch/oropsis
samples showed similar photosynthetic efficiencies  per cell!. The UVT treatment also adversely
affected the optical cross section  a'! after only 4-hours, but this recovered' after 24-hours. The
maxima  quantum utilization for both UVT and UVA treatments were both much higher than the
control  UVO! value after 4-hours of exposure. However, 24-hours of exposure caused a great
decline in the quantum utilization and by 48-hours, cells exposed to UVT gave only half the value
of cells exposed to UVO.



Unlike Nannochlorapsfs, the photosynthetic efficiency of Dunali el/a increased after 4-hours
under UVT and UVA treatments compared to PAR-only cells This situation was reversed after
48-hours. The a values for Dunaliella cells exposed to UVT and UVA were greatly reduced after
4-hours relative to the UVO treatment. After 48-hours, values were more comparable with
UVT-treated cells having the highest optical cross section. Quantum utilization values for
Dfjnaliefta show that UVT caused an immediate decline relative to UVO treatment and that this
effect was sustained throughout the 48-hour treatment. Although no clear pattern was shown,
there was a general increase in respiration after 4- and 24-hours for both algae, which then
decreased after 48-hours.

a!. 11
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Figure 2. Changes in cell numbem over e 48hour period of exposure to UVO  PAR only!, UVT  PAR+ UVB+UVA! end
UVA  PAR+UV-A! for a! hlarjnochioropeis and b! Dunefie/fe.
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SOD activity in both species showed a general decrease with time; different irradiation
regimes apparently altered the dynamics of SOD activity for each time and for each species.
Both Nannochloropsis and Ounaliella showed an increase in Mn SOD and CuZn SOD-specific
activity after only 4-hours exposure to UVT  UV-A+ UV-B + PAR! as compared to UVO  PAR
only! or UVA  PAR+ UV-A!  Figs. 5 and 6!. There was a drop in Dunafiella CUZn SOD activity
after 48-hours for all treatments, although no notable differences were observed between the
treatments when measured after 24- or 48-hours. There was a significant drop in both
IVannochloropsis CuZn SOD and Mn SOD activity after 24-hours for all treatments, althoughthe
differences between treatments was slight. After 48-hours, the only discernible difference in
activity was slightly higher CuZn SOD in UVT and UVA treated algae. Overall, SOD activity in
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Nannochloropsis was greater than that of Ounaliella, and Mn SOD activity was higher than CuZn
SOD for bath algal species.
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Rubisco and LHCPII for Nannochioropsis were analyzedfrom stained PAGE gels  Fig. 9!,
and the results detailed in Table III. After exposure to UVA and UVT treatments for up to 24-
hours, Rubisco levels in Nannochloropsis decreased, respectively, by factors of 1.6 and 2.0. In
this alga, LHCPII levels also dropped after 4-hours; by a factor of 3.0 for UVA and 1.7 for UVT
treatments. After 24- and 48-hours, there was no significant change in LHCPII levels. No clear
trend was discerned in the effects of UV radiation on Rubisco and LHCPII levels in Dunaiiella.

b! 24 hoursa! 4 hotrrs

c! 48 bours

Figure 9. 12.5 /o SDS-PAGE of IVertnochloropsIs extracts showing Rubiscc end LMCPII proteins after a! 4h, b! 24h, and
CI 4sh expOsure to UVO,UVT and UVA.

Nannochloropsis catalase activity in both the UVO and UVA treatment increased relative to
the UVT treatment after 4-hours  Fig. 7!. There was no significant difference between treatments
after 24-hours; after 48-hours, there was a discernible difference in activity under UVO conditions
when compared with UVT.

UV-A + PAR  UVA! caused a significant decrease in catalase activity relative to PAR-only
 UVO! in Dunalieila after 4-hours  Fig. 8!, but this changed after 24-hours to prompt a significant
increase in activity  relative to UVO and UVT treatments!. After 48-hours exposure, both UVT
and UVA treatments gave higher catalase activities than UVO in Dunalielia .
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DISCUSSION

This set of experiments set out to discern the potential physiological and molecular damage
caused by natural radiation to the photosynthetic machinery in two marine algae; Nanochtoropsis
and Dunaiiella. The importance of antioxidant enzymes in the detoxification of intracellular free
radicals formed by UV-A and UV-B was inferred from the results of these investigations.
Despite a fluctuating radiation environment and limited time for research, it was shown that
ultraviolet radiation adversely affected the ability of two diverse marine algae to fix carbon.
UV-B radiation significantly inhibited Nannoch/oropsis' photosynthetic paraineters, probably as a
result of the inhibition of Rubisco which directly controls P,�. A similar trend was also shown in
Chaetoceros  Hazzard, 1993!. In both Nannoch/oropsis and Dunalieiia, partiai destruction of
LHCPII was caused by UV-A and, to a much lesser extent, by UV-B radiation. It appears that
there is a differential sensitivity to UV-A and UV-B by photosynthetically important proteins, as
well as by different algal species. UV-A is also invoived in photo-enhanced cell repair and
actually assists in cell survival  Karentz et al., 1991!.

Both Nannoch/oropsis and Duna/iet/a have the potential to counter the increased risk posed
by UV radiation. This was suggested by the rapid increase in SOD  Mn and CuZn! levels in both
species and catalase in Nannochioropsis exposed to UV-A + UV-B + PAR  UVT!. It is our
conclusion that UV-B radiation alone caused an increase in 0, radicals and H,O, which, in turn,
induced higher activities of SOD and catalase production. During this early period of antioxidative
activity, there was a simultaneous response in certain photosynthetic parameters indicating a
weakening of the system due mainly to the UVT treatment. For example, after 4-hours exposure
to UVT, Nannoch/oropsis showed decreases in radiation utilization efficiency, optical cross
section, quantum utilization, and overall photosynthesis. The simultaneous increase in catalase
and SOD activity, however, may have aided in the eventual recovery of photosynthesis.
Additionally, in Nannochtoropsis, there was an overall increase in carotenoids and in the ratio of
carotenoids to chlorophyll a, which would also have afforded additionai protection to the cells. It
is possible these algae have UV-protective pigments  i,e�mycosporine-like amino acids! which
could also aid in the photoadaptive process  Smith et al., 1992!. Another indicator that the cells
were less stressed after 48-hours, possibly due to photoadaptation and repair of cell damage,
was the decreased respiratory rate for all treatments.

Besides the obvious morphological differences between the two species that were chosen, it
was shown that they also have characteristic antioxidative mechanisms. For example,
Nannochtoropsls  which is 40 times smaller than Dune//ella! had much higher SOD and catalase
levels  at time 0!, possibly because it is more readily swept to the water surface, and is less able
to avoid UV radiation than the denser flageltate.

Alternatively, the higher protective activity may have been a local response to the initial
switch from indoor growth at moderate irradiation to high outdoor irradiation intensities. The
results also indicate that the turnover of Mn SOD and Cu/Zn SOD in Nannoch/oropsis is perhaps
slower than that of Dunatietta since, after 24-hours exposure, SOD activity still fluctuated under
the different irradiation treatments, It is also possible that the DNA repair mechanisms in
Nannoch/oropsis may be more severely affected by UV-B present in the UVT treatment, hence
the relative decrease in SOD atter 24-hours. These conjectures require further in-depth research
not only on a physiological level, but on a transcriptional level as well.

An overall comparison of the effects of UV radiation on Nannoch/orapsis and Dunalielia
indicated that the larger alga, Dunall ella, showed superior photosynthetic ability and irradiation
utilization efficiency, and was better adapted to long-term stress. Fewer significant physiological
or biochemical changes were seen. It is suggested that the smaller Nannoch/oropsis is more
sensitive, yet better adapted to sudden, short-term exposures to UV radiation stress. This was
indicated by the relatively high turnover and reconstitution of Rubisco and LHCPII by
IV ann och/oropsis.



Table IV: The effect of different uv regimes on the Rubisco and LHCP11 proteins
  SDS PAGE analysis!. Values expressed in %%d area of protein according to
densitometer/10pg protein. The standard deviation for duplicate treatments
varied +/- 5 - 10o%%d of the average given values.
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