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ABSTRACT The effects of ultraviolet-B irrad~ation on the cyanobacteria Anabaena vanabilis, Oscllla- 
t o m  tenujs. Nodulana baltica, h' harveyana and Phormid~um unc~natum (Baikal and  Tubingen s t r a ~ n )  
Indicated that pigmentation and energy transfel to the photosynthetic reaction centers were impaired 
Absorption and fluorescence spectra showed photobleaching of photosynthetic pigments especially in 
the accessory antenna plgments wlth prolonged irradiat~on Fluorescence emission and excltation 
spectra indicated an initial d~s turbance  of energy transfer and subsequent photobleachlng of these pig- 
ments Exposure to solar and artificial UV-B irradiation lesulted In a very rapid lnhibltion of photosyn- 
thetic oxygen exchange as compared to photobleaching, including structural changes In the photo- 
synthetic apparatus 
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INTRODUCTION 

The major wavebands of the solar spectrum exhibit 
differences in biological effectiveness. The UV-B 
waveband (280 to 315 nm) causes damage to organ- 
isms (Jagger 1985). The biological effectiveness of UV 
radiation increases logarithmically with decreasing 
wavelengths. This increase is primarily due to the 
increased overlap between the absorption spectra of 
nucleic acids and proteins as the wavelength de- 
creases (Setlow 1974). The visible radiation waveband 
between 400 and 700 nm, also referred to as photosyn- 
thetic active radiation (PAR), is primarily significant for 
its role in photosynthesis and plant photomorphogene- 
sis, although it also has significant thermal and photo- 
destructive effects (Tevini & Hader 1987). Since the 
action of radiation on biological processes is highly 
wavelength-dependent, the type of radiation in the 
environment of the organisms, and the extent to which 
the organism alters the radiation through e .g .  pigmen- 
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tation, will influence the ultimate effect of radiation on 
the physiological processes of the organisms. 

Recently, with the increase of man-made pollutants 
such as chlorinated fluorocarbons in the atmosphere, 
the problem has arisen of the gradual depletion of the 
ozone layer in the stratosphere, with the resultant 
increase of UV-B radiation. This increased radiation 
poses a serious stress factor to all organisms (Setloiv 
1974, Ascenzi & Jagger 1979, Biggs et al. 1981, Tevini 
et al. 1981, Iwanzik et  al. 1983, Teramura 1983, Tevini 
& Iwanzik 1983, Jagger 1985, Hader et al. 1989, 1991, 
Hader 1993), and more especially, to microorganisms 
since they have no protective epidermal layer. Investi- 
gations on marine phytoplankton have indicated that 
photosynthetic productivity may decrease by 6 to 12 % 
due to increased solar UV-B radiation under the 
Antarctic ozone hole (Smith et  al. 1992). Persistence of 
this problem may lead to a number of ecological con- 
sequences including reduced biomass production, 
which will consequently affect the biological food web 
up to man, and reduced sink capacity for atmospheric 
carbon dioxide, which may augment the greenhouse 
effect. 

Many cyanobacteria are  adapted to rather low irra- 
d i a n c e ~  and are damaged or impaired by fluence rates 
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exceeding a few percent of unfiltered solar radiation 
(Walsby 1968). Cyanobacteria have been reported to 
be responsible for up to 40% of the biomass of several 
aquatic ecoystems, and they contribute significantly to 
the nitrogen supply of eukaryotic algae and higher 
plants in aquatic and terrestrial ecosystems, respec- 
tively (Kumar & Kumar 1988). In this paper, the effects 
of increased UV-B irradiation on energy transfer of the 
accessory pigments and photosynthesis in some fila- 
mentous freshwater and marine cyanobacteria are 
studied. 

MATERIALS AND METHODS 

Organisms and cii!!ure cccditions. Qrganisn?~ nsed. 
for this work include the freshwater benthic cyanobac- 
teria Ana baena varia bilis, Oscilla toria ten uis and 
Phormidium uncinatum (Baikal and Tiibingen strains) 
obtained from the Gottingen (Germany) algal culture 
collection (Schlosser 1982), and 2 species of a marine 
planktonic cyanobacteria obtained from the Baltic Sea 
(Nodularia baltica and Nodularia harveyana). The 
freshwater organisms were grown on agar (0.35 %) C 6 
mineral medium in 100 mm Petri dishes (Nultsch & 
Hader 1974) covered with 200 nm pore membrane fil- 
ters (SM 11307; Sartorius, Gottingen) and moistened 
with 5 m1 C 6 mineral solution. The marine organisms 
were grown in BG 10 liquid medium in Erlenmeyer 
flasks. The cultures were kept under constant white 
light from mixed fluorescence lamps at 6 W m-' in a 
temperature-controlled room (20°C). 

Measurements of absorption spectra. A homoge- 
nous 0.3% molten agar suspension of the organisms 
was prepared (<40°C). Using a Pasteur micropipette 
the suspension was carefully filled, free of bubbles, 
into a quartz spectrophotometer cuvette (Hellma, 
Mullheim, Germany) with an optical pathlength of 
10 mm. The cuvette was closed with the lid and sealed 
with vaseline and parafilm. Absorption spectra were 
measured using a single beam spectrophotometer 
(DU-70, Beckman, Palo Alto, USA). The organisms 
were exposed to artificial UV radiation for various time 
intervals and absorption measurements taken after 
each irradiation period. To evaluate progressive 
bleaching, the reference spectrum (before irradiation) 
was subtracted from the subsequent spectra. 

Fluorescence spectra. Fluorescence emission and 
excitation spectra were measured before and after var- 
ious time intervals of UV-B irradiation in a quartz 
cuvette (2 mm thickness, 10 mm pathlength; Hellma) 
using a spectrofluorimeter (RF 5000, Shimadzu, 
Japan). 

Photosynthetic gas exchange. Photosynthetic oxy- 
gen production was determined in a custom-made 

Plexiglas cylinder with 20 mm inner diameter ins~de a 
thermostatic water jacket (RMTG, Dr Wobster GmbH, 
Lauda-Konigshofen, Germany). The organisms were 
homogenized (20 S,  15000 rpnl) to produce a mixture in 
C 6 solution. Aliquots of 7 m1 cell suspension were 
filled into the sample compartment and agitated with a 
magnetic stirrer. A Clark electrode (Yellow Springs 
Instruments, OH, USA) (Dubinsky et al. 1987) was 
inserted bubble free into the cell suspension and con- 
nected via a custom-made polarizer (Estabrook 1967) 
with a recorder (PM 8262, Phillips, The Netherlands). 
The system was calibrated with 10 mM sodium 
dithionite for 0% oxygen saturation and for 100% by 
bubbling air through the suspension for 60 min. The 
sample was irradiated with actinic white light pro- 
r l ~ ~ c e d  from a 250 W slide projector with a 24 V quartz 
halogen bulb (Kindermann Universal, Wetzlar. Ger- 
many). The irradiance reaching the organisms was 
160 W m-'. The organisms were exposed to UV radia- 
tion produced from a transilluminator (11-350-M, 
Bachofen, Reutlingen, Germany) (2.3 mW cm-') at reg- 
ular time intervals of which 1.1 mW cm-' fell into the 
UV-B range. This radiation was not intended to simu- 
late solar radiation. However, the UV-B doses applied 
over the period of several hours are comparable to 
those encountered in nature. 

RESULTS 

In vivo absorption spectra measured for the Tiibin- 
gen strain of Phormidium uncinatum showed absorp- 

Baik. 
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Fig. 1. Anabaena variabilis and Phorm~dium uncinatum 
(Tubingen and Baikal strains) Absorption spectra showing 
absorption maxima corresponding to their photosynthetic 

pigments 
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0.25 In order to determine the kinetics of the 
bleaching the irradiation was continued 

0.00 until the absorbance changes had 
reached an almost constant value. The - p -0.25 rate of bleaching was determined by cal- 
culating the absorbance changes during 

C -0.50 exposure at prominent absorption max- 
0 .- ima indicating the involvement of the 
C 

-0.75 major photosynthetic pigments; an  exam- 

0 ple is shown in Fig. 3. A comparison of 
U) the times taken for 50 % bleaching of the 

-1.00 
pigments to occur indicated that the 
618 nm peak had the shortest half-life, 

-1.25 followed by the 580 nm peak, the 490 nm 
peak, the 680 nm peak and finally the 

-1.50 438 nm peak. These experiments were 
350 440 530 620 710 800 not intended to mimic the effects of solar 

Wavelength [nm] irradiation but to follow the bleaching 
kinetics of the photosynthetic pigments. 

Fig. 2. Oscillatoria tenuis Absorption difference spectra after increasing The fluorescence emission peak at 
times of exposure to U V  radiation obtained by subtracting the initial absorp- 645 nm, monitored at an excitation wave- 
tion spectrum of the unirrad~ated sample from each spectrum of the irradi- length of 610 nm, increased in amplitude 

ated samples 
up to 2 h irradiation, when the marine 
organisms, Nodularia baltica and N. har- 

tion maxima at 436, 568, 622 and 672 nm correspond- veyana, were exposed to UV radiation for increasing 
ing to the photosynthetic pigments chlorophyll a (Soret time intervals. This increase in amplitude was accom- 
band), p-carotene, phycoerythrin, phycocyanin and panied by a gradual shift of the peak to shorter wave- 
chlorophyll a (red peak), respectively. For the Baikal lengths. Prolonged irradiation resulted in a decline in 
strain absorption maxima occurred at 436,492, 620 and amplitude of the peak with a simultaneous shift to 
672 nm, without any phycoerythrin peak. Anabaena shorter wavelengths (Fig. 4) .  Similar results occurred 
variabilis, however, had, in addition to the peaks of in Phormidium uncinatum (Tubingen strain) where the 
the Baikal strain of P. uncinatum, a shoulder at  excitation spectrum monitored at an  emission wave- 
581 nm, corresponding to phycoerythro- 
cyanin (Fig. 1). In addition there was a 
minor peak at 500 nm which probably cor- 0.00 
responds to the absorption of a carotenoid. 
Oscillatoria tenuis showed all the peaks of 
the Tiibingen strain of P. uncinatum, while -0.20 - 
the marine organisms Nodularia baltica 0 
and N. harveyana showed absorption 
peaks similar to those of the Baikal strain of g -0.40 

c P. uncinatum (data not shown). 0 .- 
When exposed to UV radiation from the W 

transilluminator for various time intervals, g -0.60 

a drastic decline in amplitudes of the peaks 
occurred. The reduction of amplitude of 4 
the peaks appeared to be fastest in the -0.80 

phycocyanin peaks, followed by the phyco- 
erythrin peaks and then the carotenoids. 
Reduction in the chlorophyll peaks was -1 .OO 

comparatively low, as indicated by the 0 30 60 90 120 150 
absorption difference spectra (determined 
by subtracting the initial spectrum of the Exposure time [h] 

unirradiated control sample from each Fig. 3. Anabaena varjabrlis. knet lcs  of bleaching of photosynthetic pig- 
spectrum of the irradiated sample) (Fig. 2).  ments after increasing times of exposure to artificial UV radiation 
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length of 644 nm showed a single peak at 800 

574 nm, which increased after 1 h of UV 
irradiation and subsequently declined in 700 

amplitude (Donkor & Hader 199 1). An emis- 
600 sion spectrum monitored at  an excitation 

wavelength of 574 nm gave similar results. Q) 
0 500 

After 18 h of irradiation the fluorescence c 
Q) 

emission had declined almost to zero. 400 
In the Baikal strain of Phormidium unci- c 

natum a similar decline in the amplitudes 2 300 
was observed. An excitation spectrum mea- E 
sured at  an  emission wavelength of 680 nm 200 
had a small shoulder at  587 nm and a major 
peak at 620 nm. Both of these, however, 100 

declined with increasing UV irradiation 
{Fiij. 5 ) .  Wheii excited at wavelengths of 
587 or 620 nm, an  emission peak at 644 nm 625 650 675 700 725 750 
was obtained in both instances. This peak 
also declined steadily with prolonged UV Wavelength [nm] 

irradiation. 
Oscilla toria 
observed. 

In Anabaena variabilis and Fig. 4 .  Nodularia harveyana. Fluorescence emission spectra monitored at 
tenuis similar trends were an excitation wavelength of 610 nm as  a function of UV exposure. Slit 

width for both excitation and emission was 10 nm 

Photosynthetic oxygen production was 
measured in the various organisms at an  
irradiance of 160 W m-'. The photosynthetic rate was very drastically, and after 12 min irradiation the rate 
measured in nmol of oxygen produced per g fresh reached zero, after which it continued to decrease fur- 
weight of organisms per minute. In Phormidium unci- ther until it became relatively constant after 30 min 
natum (Tiibingen strain) the initial photosynthetic rate irradiation. The rate of respiration, measured in dark- 
was 22.17 nmol g-' min-'. After 5 min UV radiation the ness, was also reduced drastically with increasing UV 
rate reduced to 11.36 nmol g-' min-l. Further irradia- irradiation, and became relatively constant after 
tion reduced the photosynthetic oxygen production 45 mm of irradiation (Fig. 6). In Oscillatoria tenuis sim- 

ilar trends in photosynthetic gaseous ex- 
change occurred, the rate of oxygen produc- 
tion reaching zero after 15 min. 

Although the photosynthetic rates were rel- 
atively higher in the Baikal strain of Phormid- 
ium uncinatum and Anahaena variabilis, a 
similar dramatic decline in rates occurred 
even after 5 min irradiation. In the Baikal 
strain of P. uncinatum, the rate of photosyn- 
thesis reached zero after about 22 min of irra- 
diation, while that of A. variabilis reached 
zero after 20 min. 

Wavelength [nm] 

Fig. 5. Phorrnidium unc~natum (Baikal strain). Fluorescence excitation 
spectra monitored at an emission wavelength of 680 nm as  a function 
of UV exposure. Slit width for both excitation and emission was 10 nm 

DISCUSSION 

Absorption difference spectra indicate that 
photosynthetic pigments are affected by UV-B 
radiation. In cyanobactena, photobleaching 
has been shown to be induced by visible light 
(Nultsch & Age1 1986, Hader 1988). However, 
the present results indicated that it can also be 
induced by exclusive UV radiation. The 
kinetic analyses of the bleaching shows that 
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Exposure time [min] 

Fig 6 Phol-mldium uncinatum (Tiibingen strain) Photosynthetic oxygen 
production (0)  and dark respiration (m) after exposure to increasing 

times o f  UV lrradlatlon 

the accessory pigments, the phycobilins, were 
bleached first, indicating that the major accessory pig- 
ments of cyanobacteria (as well as cryptophyceae and 
red algae) are affected much more than the pigments 
in other algal groups. Next the carotenoids, which 
serve the dual function of photoprotection and energy 
transduction to the chlorophyll reaction centers, are 
damaged, while chlorophyll is the most resistant to 
bleaching. This is in accordance with data obtained for 
some members of the cryptophyceae (Hader & Hader 
1990, Ziindorf & Hader 1991). 

Most of the excitation energy absorbed by the phy- 
cobilins is passed to chlorophyll a. However, since the 
phycobilins show a considerable autofluorescence 
even in control samples the energy transfer is less than 
100%. These losses increase during UV-B exposure: 
during the first 2 h of UV irradiation in the two species 
of Nodlllaria the fluorescence emission spectrum mon- 
itored at an excitation wavelength of 610 nm showed 
an increase in amplitude of the peak,  indicating a de- 
crease in energy transfer to photosystem I ,  and a simul- 
taneous shift to shorter wavelengths. Prolonged irradi- 
ation further shifted the peak to shorter wavelengths 
while the amplitude decreased drastically. This was 
also observed in Phorrnidiurn uncinatum (Tiibingen 
strain). The increase in amplitude signals a dramatic 
loss in effectivity of energy transfer to the photosyn- 
thetic reaction center so that more energy is wasted in 
the form of fluorescence. The remarkable shift in emis- 
sion wavelength could be explained by the results of 
Morschel & Wehrmeyer (1977), who demonstrated that 
multiple forms of phycoerythrin could be  separated by 

isoelectric focusing in Cryptomonas macu- 
lata. One of these forms absorbed at 545 nm 
(type I) ,  another form at 555 nm (type II), and 
others from 565 to 568 nm (type 111). The se- 
quential appearance of these forms during 
exposure to UV-B irradiation indicates that 
these charged isomers may be degradation 
products of an  initial form (Morschel & 

Wehrmeyer 1975). Exposure to UV radiation 
first causes the high molecular mass aggre- 
gates to break down into hexamei-S ((Y.P)~,  
which then disintegrate into trimers 
and eventually to monomers (ap) (Morschel 
et al. 1980, Glazer 1982). Similar shifts were 
observed in the phycocyanin emission peaks 
of the Tiibingen strain of P. uncinaturn. This 
also confirms the occurrence of multiple 
charged isomers found in the phycocyanins 
of a Chroornonas species (Morschel & Wehr- 
meyer 1975). 

Photosynthetic oxygen production was 
drastically affected by artificial UV-B radia- 
tion in all the organisms investigated. The 

inhibitory doses are comparable to natural solar UV 
radiation while for practical reasons the irradiances 
were chosen to be higher than in natural sunlight. This 
inhibition of photosynthesis is even more rapid than 
the effect on motility or orientation (Donkor & Hader 
1991), and since absorption spectroscopy shows mas- 
sive bleaching only after longer exposure times, it 
could be possible that structural changes within the 
photosynthetic apparatus were induced by short expo- 
sure times which affected the energy transfer within 
the antenna complex, while UV-lnduced photobleach- 
ing occurred only after prolonged irradiation. This con- 
firms observations by Haberlein & Hader (1992) on the 
freshwater flagellate Cryptomonas and by Schafei- et  
al. (1993) on the green dinoflagellate Gymnodinium. 
Exposure of the organisms to solar radiation also 
showed similar inhibition of photosynthesis (data not 
shown), indicating that solar UV-B radiation at  ambi- 
ent  levels was effective in causing structural changes 
in the photosynthetic apparatus leading to inhibition of 
photosynthesis. Such structural changes in the photo- 
synthetic apparatus have also been detected in higher 
plants after exposure to solar radiation (Renger et  al. 
1989, Tevini et al. 1989). Thus, UV-B radiation has 
been found to damage the reaction center of photosys- 
tem I1 and  to cause structural changes in the D1 and D2 
proteins in the thylakoid membranes. In addition, the 
radiation causes a decrease in the lipid content, affects 
nucleic acids and reduces the protein content, which 
affects enzyme activity and production, as shown in 
some marine diatoms and cyanobacteria (Dohler et  al. 
1987). 
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CONCLUSION 

The cyanobacteria used in this study were all sensi- 
tive to UV radiation. The phycobilins in particular were 
more affected than the main photosynthetic pigments 
of other algal groups. This high sensitivity supports the 
concern about increases in solar UV-B radiation which 
may stress phytoplankton organisms (Hader et al. 
1991). Recently, solar UV-B radiation has been found 
to penetrate far deeper into the euphotic zone than 
considered before, indicating a substantial hazard 
(Gieskes & Kraay 1990, Smith et al. 1992). Since no 
phytoplankton organism has been found to orient 
within the water column with respect to ultraviolet 
radiation (Hader & Worrest 1991), an increase in solar 
r T x 7  D A;-+;-- - - 3  m n t  P , , ,  n tlln ~~manis rnr  tn mnlrp  t ~ \  
u v -0 ~SUIULIVII "\;l! L L V L  C. C A Y Y I I -  ... 1 .- C. 

lower levels (with less UV-B), but rather increase the 
UV-B stress. 
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