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PhotoenhancedPhotoenhanced toxicity of azaarenes to marine phytoplankton 

UVV absorbanc e dependen t toxicit y of 
acridin ee to the marin e diato m 
PhaeodactylumPhaeodactylum  tricornutum 

Abstrac t t 

Thee present study seeks quantitative measures for photoenhanced toxicity 
underr natural light regimes, by comparing the effects of an aromatic com-
poundd under natural and laboratory light. To this purpose, the influence of 
lightt irradiance and spectral composition on the extent of photoenhanced 
toxicityy of acridine, a three-ringed azaarene, to the marine diatom 
PhaeodactylumPhaeodactylum tricornutum was analyzed. Under laboratory light contain-
ingg ultraviolet radiation (UV), the 72 h EC50 growth value for acridine was 
1.555 /uM. Under natural light, a 72 h EC50 value for acridine below the 
lowestt test concentration (0.44 JUM) was observed. Under both laboratory 
andd natural light, the toxicity of acridine was equally enhanced by total UV-
(UV-AA and UV-B) and UV-A-radiation, while in the absence of UV no 
enhancementt of toxicity was observed. Hence, the UV-A region of light was 
dominantt in the photoenhanced toxicity of acridine to P. tricornutum, in 
accordancee with its absorption spectrum in the UV-A region. Therefore, the 
totall  amount of UV radiation absorbed by aqueous acridine was calculated, 

Previouslyy published as: Saskia Wiegman, Joost A.G. Termeer, Tommie Verheul, 
Pirnn de Voogt, Michiel H.S. Kraak, Remi W.P.M. Laane and Wim Admiraal. 
EnvironmentalEnvironmental Science and Technology, in press. 
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ChapterChapter 4 — UV absorbance dependent toxicity of'acridine 

forr each separate treatment. The amount of UV absorbed by acridine effec-
tivelyy described the effect of acridine on the growth off . tricornutum in a 
dose-responsee dependent manner. It is concluded that photoenhanced 
toxicityy of aromatic compounds expressed as a function of the actually 
absorbedd UV may circumvent some of the variability between studies using 
differentt concentrations of the phototoxic compounds and light sources. The 
UVV quantity absorbed by these compounds allows a comparison with the 
absorptionn characteristics of natural waters and, thus, is a key parameter to 
determinee the role of photoenhanced toxicity in water. 

Introductio n n 

Severall  polycyclic aromatic compounds strongly absorb light in the UV 
region,, which can alter their structure and consequently their toxicity by two 
photochemicall  pathways: photosensitization and photomodification (Larson 
andd Berenbaum, 1988; Leifer, 1988; Veith et al, 1995; Huang et al, 
1997a).. In photomodification reactions the aromatic compounds are 
structurallyy altered to a variety of oxygenation products, via unstable endo-
peroxidee and/or peroxide intermediates (Zepp and Schlotzhauer, 1979; 
Onoderaa et al, 1985; Huang et al, 1993; Huang et al, 1995). In photo-
sensitizationn reactions the influence of UV on the fate of PAHs in water is to 
aa large extent determined by the presence or absence of reactive species 
suchh as singlet-state oxygen (Larson and Berenbaum, 1988). This activation 
off  aromatic compounds by UV radiation, via photosensitization and/or 
photomodificationn reactions, into reactive and toxic products is defined as 
photoenhancedd toxicity. For azaarenes, heterocyclic aromatic compounds 
containingg one in-ring nitrogen atom, both modes of photochemical 
reactionss were found to contribute to an increase in toxicity to marine algae 
(Wiegmann et al, 1999; Wiegman et al, 2001). 

Differentt models have been developed to define the increased toxicity of 
aromaticc compounds by UV radiation, incorporating photochemistry laws in 
whichh light intensity at wavelength k {h) and compound specific character-
isticss such as molar absorptivity at wavelength A (e;.) and quantum yield (<p) 
aree used (Morgan and Warshawsky, 1977; Oris and Giesy, 1987; Diamond 
etet al, 2000). In addition, phosphorescence lifetimes, triplet state energies 
andd HOMO-LUMO gap values, characteristics related to the stability of 
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compoundss under UV radiation, have been used to predict the photo-
enhancedd toxicity of aromatic compounds (Morgan et al, 1976; Newsted 
andd Giesy, 1987; Mekenyan et al, 1994b; Veith et al, 1995; Sinks et al, 
1997).. Particularly, the HOMO-LUMO gap values, i.e. the energy differ-
encess between the highest occupied and lowest unoccupied molecular orbi-
tals,, of these molecules accurately predicted the light absorption and conse-
quentlyy photoenhanced toxicity of aromatic compounds (Mekenyan et al, 
1994b;; Veith et al, 1995). Although these relationships may have been 
clarified,, they remain difficult to apply to the complex light conditions as 
prevailingg in natural waters. 

Recently,, Diamond et al (2000) argued that by determining concentrations 
off  polycyclic aromatic compounds and quantifying spectral characteristics 
off  sites contaminated with polycyclic aromatic compounds, the risk of these 
compoundss to invertebrates in aqueous environments can be predicted more 
accurately.. Most algae and plants, however, are less sensitive to the photo-
enhancedd toxicity of aromatic compounds than invertebrates and fish, 
althoughh responses vary between tests species (Arfsten et al, 1996). This 
lowerr sensitivity of algae to photoenhanced toxicity of aromatic compounds 
iss probably due to a rapid attenuation of UV radiation. Especially in water 
UVV radiation is absorbed by dissolved compounds, humic acids, suspended 
matterr and pigments, subsequently decreasing the rate of photochemical 
reactionss (Leifer, 1988; Kochany and Maguire, 1994a) and, hence, the 
extentt of photoenhanced toxicity of aromatic compounds (Gensemer et al, 
1998;; Weinstein and Oris, 1999). However, research in environmental 
photochemistryy has focused mainly on attenuation of UV by humic mate-
rialss (Oris et al, 1990; Wang et al, 1995; Gensemer et al, 1998; Weinstein 
andd Oris, 1999), whereas the influence of attenuation of UV by pigments is 
hardlyy included in studies investigating the photoenhanced toxicity of aro-
maticc compounds. In the present study, therefore, the roles of attenuation of 
UVV by cells of Phaeodactylum tricornutum and UV absorbance by acridine 
weree distinguished. These attenuation characteristics were incorporated in a 
quantitativee measure describing the photoenhanced toxicity by relating the 
actuall  amount of UV absorbed by acridine to the observed effects. 
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Material ss  and method s 

CulturingCulturing of Phaeodactylum tricornutum 

PhaeodactylumPhaeodactylum tricornutum (Bohlin) was cultured in batches artificial sea-
waterr medium (Admiraal and Werner, 1983) under cool-white fluorescent 
lightt (90 nmo\ m1 s\ Philips TLD 36W/33) at 20 °C. The light-dark regime 
wass 16:8 h. Tris-buffer (3.7 mM, Merck) was added to the artificial sea-
waterr medium to maintain the pH at 8. 

AcridineAcridine toxicity under laboratory and natural light 

Forr the determination of the EC50 value for acridine (97% purity; Aldrich) 
underr laboratory light, 180 ml glass jars were placed in an incubator 
equippedd with a mercury light source that contains a more natural spectral 
compositionn of UV (80 //mol m"2 s~\ Philips HPI-T 400 W). The light-dark 
regimee was 16:8 h. The water was kept at a constant temperature of 20 °C. 
Thee jars were filled with 130 ml algae suspension of P. tricornutum and 
eachh jar was aerated with a glass Pasteur pipette to provide a water circula-
tion. . 

Thee algae were added to the jars 24 h before adding acridine, to avoid a lag 
phasee in algal growth and to allow the algae to acclimatize. At the start of 
thee toxicity experiment (/0), 24 h after the acclimatization period, the algal 
concentrationn was approximately 106 cells/ml. At time t0, a concentration 
seriess of acridine using the carrier solvent dimethyl sulphoxide (DMSO, > 
99.5%,, Merck) was added. To each experimental treatment 50 ju\ of the 
correspondingg stock solution was added to ensure equal DMSO concentra-
tionss in all acridine treatments (0.04% v/v). Besides controls (algae without 
acridinee and without DMSO), DMSO controls (algae with DMSO but with-
outt acridine) were incorporated to check for effects of the carrier solvent on 
growth.. The series of concentrations (including all controls) was tested in 
duplicate.. A chemical control (0.66 //M acridine in 0.04% v/v DMSO in 
sterilizedd medium without algae) was added to determine the loss of 
acridinee due to sorption, evaporation or photochemical transformation. The 
averagee actual acridine concentrations in the water were 0.41, 0.67, 0.79, 
3.488 and 8.00 JJM. 
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Off  each jar, a 1 ml water sample was measured daily with a Coulter counter 
(Coulterr Multisizer) with a counting tube aperture of 70 //m to determine 
celll  numbers and volumes (in triplicate). For each treatment, the growth rate 
pp (day1) of the algal population was calculated over 4 days of exponential 
growthh during the exposure to acridine. For the highest tested acridine con-
centrationss sometimes negative growth rate values were calculated, indi-
catingg that the algae died. Therefore, negative growth rate values were set to 
zeroo in curve fitting calculations. The growth rate values were plotted 
againstt average actual acridine concentrations in the water. The acridine 
concentrationss that reduced growth rates of P. tricornutum to 50% of the 
(DMSO)) controls (EC50 values) were obtained by fitting the following 
equationn (Haanstra et ai, 1985) through the dose-response plots with 
Kaleidagraph: : 

Y=c/(\+expY=c/(\+expb(Xa)b(Xa))) (4.1) 

wheree Y is the effect on growth rate, X is the 10log acridine concentration 
(//M),, a is the 10log EC50, b is the slope of the logistic curve and c is the 
averagee growth rate of (DMSO) controls. The corresponding 95% confi-
dencee intervals were calculated according to Miller and Miller (1984). 

Sincee culturing of algae was performed under fluorescent light (standard 
culturingg light in toxicity tests; NEN 6506; EPA/600/4-91/002), whereas the 
toxicityy experiments were performed under mercury light, light containing 
UVV radiation, the algae may have suffered from a change of light source at 
thee beginning of the toxicity experiment. Therefore, the effect of test condi-
tionss on the toxicity of acridine to algae under mercury light was investi-
gatedd by using two different cultures of P. tricornutum; one cultured under 
fluorescentt light as described above and the other one cultured under 
mercuryy light simultaneously. For the algae cultured under mercury light, 
thee controls, DMSO controls (0.04% v/v DMSO) and a series of acridine 
concentrationss was tested in duplicate. The average actual acridine con-
centrationss in the water were 0.35, 0.66, 0.72, 3.65 and 8.47 //M. No 
significantt difference was found (p > 0.05) between the EC50 values of 
acridinee for P. tricornutum cultured under fluorescent light (1.55 //M, 95% 
confidencee limits 1.37-1.75 juM) and mercury light (1.53 JAM, 95% 
confidencee limits 1.27-1.83 juM), demonstrating that the change of light 
sourcee did not affect the determination of the EC50 value of acridine. 
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Hence,, the results were grouped and one EC50 value of acridine for P. 
tricornutumtricornutum under mercury light was calculated (1.55 /vM, 95% confidence 
limitss 1.35-1.79 JJM). 

Thesee experiments were performed with algal densities of 106 cells/ml to 
reachh a high level of UV attenuation by algal biomass, but in standard 
toxicologicall  test 104 cells/ml are used. During the exposure time, the pH of 
thee medium increased in the control treatments concurrently with an 
increasee of algal biomass (in the treatment with the highest biomass a pH of 
100 was measured). For this reason, growth rates of P. tricornutum (as 
describedd in the first section) were also determined under mercury light 
usingg lower initial algal densities (104 cells/ml). The average growth rate 
wass 0.88  0.09 day"1 (n = 4) and an increase of 8.1 to 8.5 was measured for 
thee pH of the medium. The average growth rate of P. tricornutum under 
mercuryy light, using cell densities of 106 cells/ml, was 0.85  0.07 and 0.81 

 0.01 day"1 for the control and DMSO control treatments, respectively (n = 
4),, and equalled the average growth rate of P. tricornutum in the tests using 
lowerr algal density (104 cells/ml). Therefore no adverse effect of the 
increasee of pH or of the higher algal densities on growth rates of P. 
tricornutumtricornutum was expected in the following experiments. 

Thee range of effect concentrations of acridine was also determined under 
naturall  light. To this purpose, 10 glass aquaria of 1.5 L were placed in a tray 
(11 x 1.5 m) filled with water on the roof of the Biological Centre in Amster-
damm (52°21' N, 4°57' E), the Netherlands, on May 11-15, 1999. The aquaria 
weree filled with 1 L of algae suspension and all aquaria were aerated with 
glasss Pasteur pipettes. The algae suspension was added to the glass aquaria, 
244 h before adding acridine. At the start of the toxicity experiment, a con-
centrationn series of acridine (0.01% v/v DMSO) was added. The controls 
andd acridine concentrations were tested in duplicate. One DMSO control 
(algaee with DMSO but without acridine) and one chemical control (6.53 /JM 
acridinee in 0.01% v/v DMSO) were added. The average actual acridine con-
centrationss in the medium were 0.44, 1.42 and 4.83 juM. All aquaria were 
sampledd daily for algal density (5 ml). The growth rates and EC50 values 
weree calculated as described above. 
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EffectsEffects of UV radiation 

Too modify the UV spectral characteristics, a polycarbonate filter (Lexan 
80330,, 1 mm), absorbing all UV radiation (transmitting visible radiation), 
andd a cellulose diacetate filter (Melinex AS 539, 0.175 mm), absorbing UV-
BB radiation, while transmitting UV-A and visible radiation, were used (see 
Figuree 4.1). For each experiment a new set of filters was used (see also 
http://cc.joensuu.fi/~aphalo/plastics.html)) to prevent effects of aging of the 
filters. filters. 

Cellulosee diacetate filter (UV-B filter) 
Polycarbonatee filter (UV filter) 

CO O 
C C 

O O 
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CD D 
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// / \ / 

ƒƒ / \ / 
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2800 320 360 400 
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440 0 

Figur ee 4.1. Relative transmittance of natural light (%) through a cellulose diacetate 
filterr (that absorbs all UV-B) and a polycarbonate filter (that absorbs all UV) and the 
absorbancee spectrum of acridine. 

Thee effects of the composition of the UV on toxicity of acridine were tested 
underr natural light and a 16:8 h light-dark regime of mercury light. For each 
lightt source and spectral treatment combination, the EC50 value for 
acridine,, obtained from the experiments described above, was tested in 
duplicatee and compared to two corresponding DMSO controls. For each 
lightt source and spectral treatment combination, one chemical control (steri-
lizedd medium with DMSO and acridine) was included. 
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Thee toxicity tests under laboratory light were performed as described in the 
firstt section. Under natural light, the effects of the UV irradiance on acridine 
(0.66 juM acridine in 0.01% v/v DMSO) toxicity were tested on the roof of 
thee Biological Centre in Amsterdam, on September 21-25, 1999 as 
describedd in the previous section. 

Thee UV irradiance of the used mercury light (280-400 nm) was 161  6 
juW/cmjuW/cm22 without UV-filters, 128  5 //W/cm2 applying the UV-B-filter and 
13.44  1.5 /vW/cm2 applying the total UV-filter. In the toxicity test under 
naturall  light at midday, average UV irradiances (280^00 nm) of 660  173, 
4944  55 and 92  25 //W/cm2 applying no filter, the UV-B-filter and the 
totall  UV-filter, respectively, were measured (52°21' N, 4°57' E, Amsterdam, 
Thee Netherlands). 

CalculationCalculation of UV absorbance by acridine 

Usingg measurements of UV irradiance, attenuation of UV by algal biomass 
andd the UV absorption spectrum of acridine, the U V irradiance absorbed by 
acridinee was calculated as described in Leifer (1988). To this purpose the 
spectrall  intensities of UV irradiance were measured in all treatments at the 
surfacee of the medium using an UV-Visible spectroradiometer (OL 752-0-
PMT,, Optronics Laboratories, Orlando, Florida, USA). The spectro-
radiometerr was calibrated with NIST-traceable lamps (1000 W, S-794 and 
F-314,, Optronics Laboratories). Under mercury light conditions, the UV 
spectraa were scanned from 280 to 500 nm at 1-nm intervals. Under natural 
lightt conditions (at midday), the UV spectra were scanned from 280 to 500 
nmm at 2-nm intervals. For each scan, the total UV irradiance was calculated 
byy integrating spectral irradiance values from 280 to 400 nm. 

Thee attenuation of UV radiation by artificial seawater and different algal 
densitiess was measured using quartz test tubes with a path length of 1 cm. 
Quartzz tubes were filled with 100 ml medium, and with 100 ml algae 
suspensionn of P. tricornutum with concentrations of respectively 2.1 and 7.0 
xx 106 cells/ml. The corresponding UV spectra were measured by placing the 
tubess on the sphere of the UV-visible spectroradiometer. Total UV irradi-
ancee was calculated by integrating spectral irradiance values from 280 to 
4000 nm (see Figure 4.2). The attenuation of UV, Kd (cm1), was calculated 
withh equation 4.2: 
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Figur ee 4.2. Spectral distribution of laboratory light, measured through quartz cuvets 
(withh a path length of 1 cm) filled with artificial seawater medium and different 
concentrationss of Phaeodactylum tricornutum. 
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Figur ee 4.3. The attenuation coefficient Kd (cm1) for the wavelength range of 280 to 
4000 nm plotted against algal densities (106 cells ml"1) of Phaeodactylum tricornutum. 
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Kdd = In (IJIx2)/Ax (4.2) 

inn which Ix is the intensity of irradiance measured through the quartz tubes 
withh algal density x and Ax the difference between the algal densities of the 
correspondingg tubes. Subsequently, a linear relation between the attenuation 
off  UV and algal biomass could be determined and is illustrated in Figure 
4.3. . 

Thee UV absorption spectrum of acridine was measured using a Perkin 
Elmerr Lambda 2 UV-visible spectrophotometer as described in Wiegman et 
al.al. (1999), which is also illustrated in Figure 4.1. From the UV absorption 
spectrum,, the molar absorptivity ex (M"1 cm"1) of acridine was calculated 
withh the Lambert-Beer law. 

Thee daily amount of UV absorbed (28(M100 nm) by the system with algae 
andd acridine could be determined from the experiments conducted under 
mercuryy light, using the attenuation coefficient Kd (cm"1) calculated for cell 
numberss of P. tricornutum and the actual acridine concentration in the water 
(M).. For each wavelength, the UV irradiance absorbed by the aqueous 
systemm (7SA) with a depth of 1 cm is calculated using equation 4.3 (for exam-
ple,, Leifer (1988)): 

/sAA = (/oA-(/oAXexp"(K^[M]) )) (4.3) 

inn which I A is the incident irradiance (in //mol cm"2 s"1) and la the irradiance 
off  light absorbed by the aqueous system with a depth of 1 cm (in //mol cm"3 

s"1).. The UV radiation absorbed by algae only ƒ;/), is calculated according to 
equationn 4.4: 

/oA:=(/oA-(/oAXexp-Kd))) (4.4) 

Thee UV quantity absorbed during the exposure time was calculated by inte-
gratingg daily UV absorbance (in //mol cm"3 day"1) over 72 h, for Isx as well 
ass IQI'. The amount of UV irradiance absorbed by acridine during the expo-
suree time (//mol cm"3 = mmol L"1 per 72 h) is defined as the difference 
betweenn these daily absorbencies (A/s/ = hx - hi)- In this manner, the 
amountt of UV absorbed by acridine was corrected for both the decrease in 
acridinee concentration and the change in algal biomass over time. This 

64 4 



PhotoenhancedPhotoenhanced toxicity of azaarenes to marine phytoplankton 

approachh enabled us to relate the actual amount of UV absorbed by acridine 
too the effect on growth rates of P. tricornutum. All our toxicity experiments 
weree conducted at the same distance from the mercury light. Therefore, 
processess such as reflection and/or refraction of light were not included in 
ourr calculations. Daily UV irradiance, obtained from the National Institute 
forr Public Health and the Environment (RIVM, Bilthoven, The Netherlands) 
andd UV compared with irradiance measured at our test location, was used to 
validatee the laboratory results with the results from the experiment con-
ductedd under natural light. 

HPLCHPLC analysis 

Waterr samples (2 ml) were taken directly after addition of acridine (t0) and 
afterr 24-, 48- and 72-h, in order to determine the actual acridine concentra-
tionss in the test medium. After centrifugation (3000 rpm, 10 min) 1 ml of 
thee supernatant was taken for analysis by High-Performance Liquid 
Chromatographyy (HPLC), using UV detection (Applied Biosystems model 
785A)) for acridine and fluorescence detection (Kratos Spectroflow 980) for 
thee transformation products. A 150 x 4.6 mm Lichrosorb 5 //m RP-18 ana-
lyticall  column was used with a 4 x 4 mm Lichrosorb 5 /̂ m RP-18 guard 
column.. The column temperature was kept at room temperature (20 °C). 
Thee flow of the mobile phase, an isocratic mixture of 65% acetonitrile (J.T. 
Bakerr Analyzed HPLC Reagent, > 99.9%) and 35% water (J.T. Baker Ana-
lyzedd HPLC Reagent), was 1 ml/min. Of each sample 20 //l was automati-
callyy injected. Acridine was detected at a wavelength of 249 nm and the 
transformationn products at emission wavelengths of > 370 nm. Acridine 
concentrationss were calibrated with standards of acridine in methanol (J.T. 
Bakerr Analyzed HPLC Reagent, > 99.8%). From the measured acridine 
concentrationss in the water an actual average exposure concentration was 
calculatedd assuming exponential decrease over time. Recovery of the 
acridinee concentration during the experiments was defined as the quotient of 
thee actual concentration at 72 h and the actual start concentration expressed 
ass percentage (C72/C0 x 100). 

StatisticalStatistical analyses 

P.P. tricornutum cultured under fluorescence light and P. tricornutum cultured 
underr mercury light were concurrently exposed to acridine in the presence 
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off  mercury light. To test for differences in toxicity of acridine between the 
twoo different cultures, these toxicity data were fit simultaneously to logistic 
modelss that differed in their slope parameters but had the same EC50 para-
meter,, using SPSS 9.0 (SPSS Inc.) for windows (van Gestel and 
Hensbergen,, 1997). The student's t test (one way) (Microsoft Excel 98) was 
usedd to test for significant differences between the average growth rates of 
acridinee treatments and their corresponding DMSO controls in the UV 
radiationn tests. The growth values of P. tricornutum were fit against the 
correspondingg fraction of UV absorbed by acridine to logistic models (SPSS 
9.0)) as described in the first paragraph (van Gestel and Hensbergen, 1997) 
too test for differences between used set-ups. 

Result ss  and discussio n 

AcridineAcridine toxicity under laboratory and natural light 

Underr laboratory light a clear dose-response curve for the effects of acridine 
onn growth of the marine diatom Phaeodactylum tricornutum was observed. 
AA 72 h EC50 value of 1.55 (95% confidence limits of 1.35-1.79) juM was 
foundd (Table 4.1). The EC50 value for acridine under laboratory light for P. 
tricornutumtricornutum is within the range of EC50 values (1.23 to 4.35 juM) reported 
forr the freshwater algal species Scenedesmus acuminatus, Selenastrum 
capricornutum,capricornutum, Chlamydomonas eugametos, Staurastrum spec. (Dijkman et 
ai,ai, 1997) and the marine species Dunaliella tertiolecta (Wiegman et ai, 
2001),, all determined using the same mercury light source. 

Underr natural light, however, the growth rates of P. tricornutum exposed for 
722 h to all tested acridine concentrations equalled zero or were negative, 
implyingg that the actual EC50 value in these conditions is below the lowest 
concentrationn tested (< 0.44 juM, Table 4.1). The higher toxicity of acridine 
underr natural light compared to laboratory light observed in the present 
studyy is most likely due to the higher UV irradiance. Sinks et al. (1997) 
observedd for example that the photoenhanced toxicity of acridine was higher 
inn the presence of 8 than in the presence of 2 UV bulbs, suggesting that the 
photoenhancedd toxicity of acridine is indeed related to UV irradiance. Also 
forr the PAHs fluoranthene, pyrene, and anthracene, the photoenhanced 
toxicityy increased with increasing UV irradiance (Hoist and Giesy, 1989; 
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Huangg et al, 1993; Gala and Giesy, 1994; Ankley et al, 1995; Ankley et 
ai,ai, 1997). In the present study, the tested UV irradiance of mercury light is 
moderatee (161 //W/cm2), when compared to that of natural light measured at 
noonn and a clear sky in May in the Netherlands (3972 /^W/cm2; de Lange, 
1999).. These observations clearly demonstrate the importance of quantify-
ingg the influence of UV irradiance in determining the effects of phototoxic 
aromaticc compounds. 

Tablee 4.1. Effect concentrations and 95% confidence 
limitss of acridine ipM) under laboratory and natural light 

Treatmentt EC50 value 95% CL 
Laboratoryy light3 ÏÏ55 1.35-1.79 
Naturall lightb (May '99) <0.44 nc 
a722 h exposure; D48 h exposure 

EffectsEffects of UV radiation on acridine toxicity 

Thee spectral overlap between the light absorption of the PAH and the emit-
tedd irradiance of the light source (I(/C)A) determines the extent of photo-
enhancedd toxicity of PAHs (Arfsten et ai, 1996; Diamond et ai, 2000). 
Acridinee absorbs especially UV radiation in the wavelength region of 320 to 
4100 nm (see Figure 4.1) with a maximum absorption peak at 355 nm. There-
fore,, UV-A is likely to enhance the toxicity of acridine. 

Figuree 4.4 shows the effect of acridine on the growth rates of P. tricornutum 
exposedd to laboratory or natural light in the presence of total UV- (no filter), 
inn the presence of UV-A- (UV-B-filter) and in the absence of UV-radiation 
(totall  UV-filter). Under non-filtered laboratory light, acridine reduced the 
growthh rates of P. tricornutum to 41% of the corresponding DM SO controls. 
Inn the presence of UV-A-radiation, the growth rates were comparably 
reducedd to 53% of the DMSO controls. In the absence of UV, growth rates 
weree reduced to 86% of the DMSO controls (Figure 4.4). Under natural 
light,, the same pattern was observed as under laboratory light: total UV- and 
UV-A-radiationn enhanced the toxicity of acridine to the marine algae. In the 
absencee of UV, however, acridine did not reduce the growth rates. Hence, 
thee UV-A region of light was dominant in the photoenhanced toxicity of 
acridinee to P. tricornutum, in accordance with its absorption spectrum in the 
UV-AA region. 
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AA comparison of the outdoor experiments conducted in May and September 
1999,, confirms that the toxicity of acridine was stronger during the spring 
periodd when UV irradiance was higher (Table 4.1 and Figure 4.4). Bowling 
etet al. (1983) found that the short-term effects of anthracene, a phototoxic 
PAH,, corresponded with daily peak hours of sunlight (10:00-14:00 h). 
Therefore,, strong daily and seasonal UV related variation in photoenhanced 
toxicityy of PAHs must be accounted for. 
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Figuree 4.4. Average growth rates (n = 2) of Phaeodactylum tricornutum in DMSO 
controlss (white bars) and in acridine treatments (gray bars) under laboratory 
(mercuryy light) or natural light for 72 h. Significant differences between the DMSO 
controlss and acridine treatments are indicated by **(p < 0.05) and *(p < 0.10). 

TransformationTransformation of acridine 

Basedd on the actual acridine concentrations at the start and the end of the 
differentt experiments, it was also demonstrated that the spectral composition 
off  light influences the transformation rate of acridine: in the absence of UV 
forr both laboratory and natural light, the recovery of acridine was higher (> 
53%)) than in the presence of total UV- or UV-A-radiation (approximately 
30%,, Table 4.2), suggesting that UV radiation contributes to the decrease in 
acridinee concentrations. Besides these photochemical reactions, we also 
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suspectt that P. tricornutum actively contributed to the transformation of 
acridine,, as found for the freshwater alga S. capricornutum (Dijkman et al, 
1997;; de Voogt et al, 1999), because in the treatments with algae recoveries 
off  acridine were low under both laboratory and natural light (59% and 37%, 
respectively)) when compared to the chemical controls (> 95%, Table 4.1). 
Thee main transformation product of acridine (resulting from both biotrans-
formationn and photochemical reactions) is 9(10//)acridone (Kraak et al, 
1997a;; de Voogt et al, 1999; Wiegman et al, 1999). In the different treat-
mentss in the present study, however, only a low percentage ) of the 
losss off acridine was regained as the main transformation product (9(10//)-
acridone).. Therefore, besides 9(10/f)acridone, unidentified products may 
havee been formed, but the exact nature for the acridine loss remains elusive. 

Tablee 4.2. The recovery of acridine concentrations (C72/C0 in %) in the 
differentt treatments under laboratory and natural light (no algae = 
chemicall controls; standard deviations between parentheses) 

Recoveryy (%) 

Concentrationn series 
Totall UVC 

UV-AC C 

NoUVc c 

laboratory y 
algae e 
599 (22 )a 

311 (14) 
299 (1) 
533 (0.1) 

light t 
noo algae 
116 6 
100 0 
107 7 
110 0 

naturall light 
algaee no algae 
377 (11)D 95 
333 (0.1) 80 
333 (3) 79 
588 (12) 101 

aann = 20, Dn = 6 (May 99), cn = 2 (natural light; Sept. 99). 

AbsorbanceAbsorbance ofUVby acridine 

Thee rate of photochemical reactions of PAHs in aqueous solutions is deter-
minedd by the wavelength specific molar absorptivity of the compound {Ex), 
thee concentration of the compound in the medium (M), the attenuation of 
UVV (Kd) and the irradiance at each wavelength (h). These photochemical 
parameterss have been used to predict the phototoxic effects of PAHs to 
aquaticc invertebrates (Morgan and Warshawsky, 1977; Oris and Giesy, 
1987;; Hoist and Giesy, 1989; Ankley et al, 1995; Ankley et al, 1997; 
Diamondd et al, 2000), but the effects varied with test organism and light 
conditionss (Arfsten et al, 1996). 

Inn the present study, we observed that the transmittance of UV radiation in 
thee water column strongly depended on the algal densities. Therefore, we 
incorporatedd the attenuation of UV radiation (Kd) by the densities of P. 
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tricornutumtricornutum (Figure 4.3) in the calculation of the amount of UV absorbed by 
acridine.. Using the actual aqueous acridine concentrations, the UV absorp-
tionn by acridine is corrected for, besides changes in algal biomass, acridine 
concentrationss in the medium, since acridine concentrations in the water 
weree influenced by algal biomass as well. For aromatic compounds, includ-
ingg azaarenes, it is observed that different excitation pathways can contrib-
utee to photoenhanced toxicity (Larson and Berenbaum, 1988; Leifer, 1988; 
Wiegmann et al, 1999). In our study, the toxicity of acridine was enhanced 
byy UV radiation within the specific molar absorptivity wavelength of 
acridine.. Assuming, that only aqueous acridine was activated by UV, 
allowedd us to calculate the amount of UV absorbed by acridine. 

oo Laboratory light: QA-8.5uM acridine 
 Laboratory light: 2.8/7M acridine (Fig. 4.4) 

aa Natural light: 0.6uM acridine (Fig. 4.4) 
Dose-responsee curve; r= 0.95 

00 0.1 1 10 

UVV absorbance by acridine [mmol L"1 (72 h"1)] 

Figur ee 4.5. Growth rates (%) of Phaeodactylum tricornutum plotted against the 
absorbancee of UV radiation (mmol L"1 per 72 h) by acridine. Growth rates are 
expressedd as percentages of the corresponding (DMSO) controls. Wavelength 
region:: 280-400 nm. For natural light the average day length was 12.2 h, UV 
irradiancee of natural light of Sept. '99 was obtained from the RIVM, The Netherlands. 

Forr each separate treatment of the experiments conducted under laboratory 
andd natural light, the amount of UV irradiance absorbed by aqueous acridine 
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overr the 72 h exposure period was calculated for the wavelength region 280 
too 400 nm and plotted against the corresponding growth rates of P. 
tricornutumtricornutum (Figure 4.5). Figure 4.5 shows a clear dose-response relation-
shipp between the amounts of UV absorbed by acridine and the growth rates 
off  algae (p < 0.001, r = 0.95). No significant differences were observed 
betweenn the EC50 values calculated for the experiments conducted under 
laboratoryy and natural light (p > 0.05). The amount of UV absorbed by 
acridine,, reducing the growth rates of P. tricornutum to 50% of the DMSO 
controls,, was 0.45 mmol L"1 72 h"1 (95% confidence limits; 0.38-0.53 mmol 
L"11 72 h"1). Our results suggest that the UV amount absorbed by a phototoxic 
aromaticc compound in solution is a key parameter for determining the 
toxicityy of this compound. 

Membranee damage due to oxidation of lipids by singlet oxygen has fre-
quentlyy been proposed as the mechanism of photoenhanced toxicity 
(McCloskeyy and Oris, 1991; Arfsten et al., 1996). Most algae and plants, 
however,, were found to be less sensitive to the photoenhanced toxicity of 
aromaticc compounds than invertebrates and fish (Arfsten et al, 1996). It has 
beenn hypothesized previously that especially their coloured pigments protect 
themm from the adverse effects of photoenhanced toxicity by acting as radical 
scavengerss (Gala and Giesy, 1993; Arfsten et al, 1996). In addition, our 
resultss indicate that coloured pigments mitigate the photoenhanced toxicity 
off  acridine by preventing acridine from being activated by UV radiation. 
Thereforee we argue that the actual amount of UV absorbed by a phototoxic 
compoundd may help explaining the sensitivities between the different taxo-
nomiee groups of organisms. 

Thee fraction of UV absorbed by an aqueous system (1—10"(Kd+Cx[M]>) is deter-
minedd by the UV attenuation coefficient (determined by e.g. algal densities 
andd dissolved organic compounds) and the acridine concentration in the 
waterr (Figure 4.6). In oceanic waters attenuation of UV is mainly caused by 
phytoplankton,, but their densities hardly attenuate UV (Maclntyre et al, 
2000).. Consequently, aromatic compounds may absorb UV and the toxicity 
mayy be photoenhanced. In estuarine and coastal zones, however, both 
phytoplanktonn and dissolved organic compounds (DOC) reduce the UV 
availabilityy (Maclntyre et al, 2000) and, subsequently, the absorbed amount 
off  UV by phototoxic compounds. Thus, incorporating the UV absorption 
characteristicss for natural water in the calculation of UV radiation absorbed 
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byy aqueous aromatic compounds allows quantifying the key parameter for 
adversee biological effects. This approach improves the basis for assessing 
thee environmental effects of these compounds. 
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Figur ee 4.6. Fraction of UV radiation in the wavelength region of 280-400 nm 
absorbedd by the aqueous system as a function of acridine concentrations (pM) and 
attenuationn coefficient (Kduv in cm"1). Kduv values used in our set-up varied between 
0.066 and 1.7 cm"1 (see Figure 4.3), for coastal waters Kduv values between 0.01 and 
0.166 cm"1 have been reported (Conde era/., 2000; Neale, 2001). 
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