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Photoinduced toxicity of selected PAHs to the marine
microalga Phaeodactylum tricornutum

OYA S. OKAY and BURAK KARACIK

Istanbul Technical University, Faculty of Naval Architecture and Ocean Engineering, 34469, Maslak, Istanbul, Turkey

In this study, the effects of different concentrations of pyrene, phenanthrene, fluoranthene, and chrysene within the solubility limits of
the chemicals on marine microalgal species of Phaeodactylum tricornutum were examined under UV-A and UV-B lights by application
of batch toxicity tests. The algal species were also exposed to the individual PAHs under cool-white fluorescent bulbs in the same
laboratory conditions in order to compare the results with the responses of UV-exposed organisms. ECsy values calculated with the
trimmed Spearman Karber method demonstrate that the UV light dramatically enhances the toxicity of the selected model PAHs. In
most cases, the magnitude of increase in PAH toxicity was directly related to the concentration of individual PAHs and the duration

of UV-lighting.
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Introduction

Aquatic ecosystems are affected by gradual changes in en-
vironmental factors. Ultraviolet-B radiation (UV-B, 280-
315 nm) reaching the earth’s surface has increased due to
stratospheric ozone depletion as a result of anthropogenic
activities.!' =3 Enhanced UV-B radiation may be a threat to
many organisms, including those in aquatic ecosystems.[*~°!
The toxicity of some chemicals including PAHs may in-
crease in the presence of UV-light, probably due to the pro-
duction of highly destructive singlet oxygen, peroxides, and
hydroxyl radicals, in the membranes of the organism fol-
lowing uptake into the tissue which may damage the cell
constituents.[’~10]

Polycyclic aromatic hydrocarbons (PAHs) are relatively
wide-spread contaminants in the marine environment and
16 of those were screened as priority pollutants.!!! The
sources of the PAHs in the aquatic environments may be
natural and/or anthropogenic. Elevated PAHs in aquatic
systems are typically found close to the urban areas as
the result of surface run-off and atmospheric deposition.
Due to photomodification, PAHs are structurally changed
into many different compounds that shows, in most cases,
more toxic effects on the organisms compared to the parent
compounds.[10:12.13]
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Phytoplankton, the microscopic plants in the water
column, are the first link of the food chain. Because of their
critical position in aquatic ecosystems, any effect on phyto-
plankton may result in many ramifications in the food web.
Organic pollutants such as PCBs and PAHs are hydropho-
bic, they are generally associated with suspended parti-
cles,' and may concentrate in the membranes of phy-
toplankton and transported to the different sites of the
aquatic ecosystems. Also, the evidence that PAHs are ab-
sorbed to a large degree by living phytoplankton cells
probably due to the high surface area of phytoplankton was
correlated with chlorophyll a measurements performed by
Kowalewska.!'¥ Especially during blooms, phytoplankton
appears to clean the water and transport PAHs to the
sediment.[!]

Photomodifed PAHs (generally oxyPAHs) are also often
more reactive and acutely toxic than parent PAHs, %1% and
are toxic to plants,!!” bacteria,['”! and invertebrates.['¥! Phy-
toplankton as a living organism in the photic zone of the
aquatic environments may be exposed to the elevated levels
of oxyPAHs compared to the organisms living in the deeper
zones. A mode of action of these compounds is inhibition
of photosynthesis.!7l A large number of recent studies indi-
cate a considerable sensitivity to solar ambient UV of phy-
toplankton communities distributed from polar to tropical
habitats.!'>-2% Satellite studies over the last decade indicate
a significant global decrease in phytoplankton.>!! Solar UV
inhibits photosynthesis, bleaches photosynthetic pigments,
affects nitrogen metabolism and induce DNA damage.[?>?3]

In recent years, the photo-induced toxicity of chemi-
cals have been investigated intensively.?*=2¢] Direct toxic
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effects of PAHs on several aquatic species have been
demonstrated,?’ 3% but there are few studies on the
changes in toxic effects on phytoplankton in the presence
of UV light.[?%2231 Previous studies of UV-induced PAH
toxicity have focused mainly on zooplankton and higher
organisms,*-3? while studies on microalgae are predomi-
nantly based on freshwater species.[>3—3¢]

During the screening procedure of the individual PAHs
used for this study, two criteria were considered i.e. the pri-
ority pollutants list of EPAI'l and the previous analyti-
cal studies on individual PAHs carried out in the Turk-
ish coastal sites.’”:3¥] Studies of the coastal zone of north-
western Turkey have shown that total PAH concentrations
are significantly higher in the sediments, mussels and wa-
ter column in industrial and populated locations than in
undeveloped areas and those selected PAHs consistently
comprises the highest or second highest fraction of total
PAHs in these locations.’”-3) The selected PAHs was also
found highly widespread in the study area. Additionally, in
some studies, concentrations of 3- and 4-ring PAHs were
found highest in plankton, although the process of sorp-
tion of PAHs is complicated and is dependent on many
parameters.!!”]

Thus, in this study, the effects of individual PAHs of
pyrene, phenanthrene, fluoranthene, and chrysene screened
as priority pollutants!!! were investigated by application of
microalgal (Phaeodactylum tricornutum) toxicity testing in
the absence and presence of UV radiation at several ex-
posure durations. Some properties of model PAHs used in
toxicity testing studies were shown in Table 1.

Table 1. Selected model PAHs used in toxicity test systems

Solubility

Model PAH (25°C) ug L™! Log Kow*
Phenanthrene

e

435 4.46
Fluoranthene
@@ 260 4.90
Pyrene

I 133 4388

@

Chrysene

O 'O‘O 1.9 5.63

*Octanol-water partition coofficient

Okay and Karacik
Materials and methods

Chemicals

PAHs were HPLC grade and purchased from Fluka-
Riedel-de Haen Company. All other chemicals were
AnalaR grade from Merck.

Laboratory conditions

Toxicity tests were carried out at a constant temperature
(22 + 2°C) either under fluorescent bulbs (3500-4000 lux)
or under the lighting system consisting of UV-B, UV-A and
standard fluorescent bulbs (Philipps). UV-A and UV-B in-
tensity were measured using a Macam Model 103 radiome-
ter (Livingstone, Scotland, UK). UV-A intensity ranged
from 172-180 W cm~2 and UV-B intensity ranged from
4.2-6.3 uW cm~2. No-UV treatments were conducted un-
der fluorescent lighting only. Levels of UV in the fluorescent
(No-UV) treatments were negligible.

Microalgae Bioassays

Stock and working solutions were prepared by dissolving
individual PAHs in HPLC grade acetone and by pipetting
necessary amounts of stock solutions into 250 mL of culture
media to achieve the desired concentrations respectively.
During the preparation of working solutions, the solubility
limits of the selected PAHs were considered for the fact
that soluble compounds in water are more bioavailable to
aquatic organisms.

The cultures were exposed to several concentrations of
PAHs under fluorescent bulbs while, only three different
concentrations of PAHs were chosen during the exposure
under UV system (Table 2). Culture media was made of
filtered clean seawater (045 pm-membrane Millipore) col-
lected from the surface waters (22 ppt) of Marmara Sea
(Istanbul Strait, known as relatively cleaner site) and modi-
fied /2 nutrient medium.! Carrier controls were prepared
by adding the same amount of acetone (0.1%) as in the
PAHSs’ culture flasks. Stock cultures of Phaeodactylum cells
were added to the flasks with a starting concentrations of
10000 cells mL~!. Batch tests were performed as previosly
described by Okay et al.*!]

Table 2. The working concentrations of PAHs

Working concentrations Working concentrations
under fluorescent bulbs under UV system

Model PAH (ng L) (ng L™1)
Pyrene 20; 40; 80; 100;120 40; 80;120
Phenanthrene  40; 100; 200; 300; 400 100; 200; 400
Fluoranthene  25; 50; 100; 125; 250 50; 100; 250
Chrysene 0.2;04;1.0;1.2;1.4;1.8 0.2;1.0; 1.8
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Fig. 1. Effect of individual PAHs on the growth of Phaeodactylum tricornutum under fluorescent lamps. (a) PYR: Pyrene; (b) PHEN:

Phenanthrene; (c) FL: Fluoranthene; (d) CRY: Chrysene.

The test flasks were incubated for 4 days under either
fluorescent or UV system and then the cultures incubated
under UV radiation were transferred to the fluorescent ligh-
tining system, and the bioassay continued for 3 more days
to observe whether the cells would recover in the absence
of UV radiation. The changes in algal concentration were
determined by direct cell count using a Coulter Counter
(BECKMAN Z2). Since PAH toxicity is known to be de-
pendent on the intensity and duration of UV exposure, UV
radiation was applied 1, 2, 3 and 4 hours per day. The flasks
were repositioned within the experimental space to mini-
mize possible spatial differences in illumination and tem-
perature on growth.

Results and discussion

Acetone used throughout the toxicity tests as carrier solvent
(0.1%) did not show any negative effect on the growth of
Phaeodactylum cells compared to the results obtained from
the control cultures containing no acetone. The first series

of experiments were accomplished under fluorescent light
in the absence of UV lighting. Figure 1 shows the results of
toxicity tests carried out under fluorescent bulbs (no-UV).
Although the tests were performed in a wider range con-
sisting of five or six (for Chrysene) concentrations, only the
results of three concentrations were included in the graphs
for a clear representation. The toxic effect of pyrene on
Phaeodactylum tricornutum is presented in Figure l1a. The
toxic effect estimated from the cell counts started from the
second day and at fourth day of the test, 80 ug L~! and
120 ug L~ of pyrene inhibited the algal growth by 43%
and 53% respectively.

The growth curves of algal cells incubated in 100 g L1,
200 pg L~! and 400 ug L~! phenanthrene solutions are
presented in Figure 1b. Similar to the results obtained for
pyrene, a clear dose-response relationship can be seen from
the figure after the application of 200 g L~! phenanthrene.
The concentration of 100 ug/L phenanthrene showed a
stimulative effect on the growth of algae. The growth of
algae was inhibited by 19% and 58% in the 200 ug L~ and
400 g L~! phenanthrene solutions respectively.
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Table 3. ECsy (96 hours) values of PAHs under fluorescent and
UV lamps for Phaeodactylum tricornutum

Type of PYR* PHEN* FL* CRY*
lighting (ugL™) (ugL™') (pngL™) (ugL™')
Fluorescent 106.26 346.98 106.86 —

1 h UV day™! 40.00 292.49 106.86 —
2h UV day™! 52.78 297.20 81.68 —
3h UV day! 44.90 121.23 75.85 1.00
4h UV day™! 49.56 124.96 64.43 0.63

*PYR: Pyrene; PHEN: Phenanthrene; FL: Fluoranthene; CRY:
Chrysene.

In Figure 1c representing the counts of algal cells in 50
ug L1, 100 ng L~ and 250 ug L~' fluoranthene shows
that the dose-response relationship discontinued after 4th
days of exposure. The difference between 50 pug L~! and
100 g L~ was dissapeared on day 7, although complete
inhibition of algal growth was observed in 250 ug L~! flu-
oranthene solution throughout the test period. The growth
of Phaeodactylum up to 1.8 ug L~! chrysene, which is the
highest concentration applied under the solubility limit of
chrysene did not show any toxic effect compared to the con-
trol during the incubation of cells under fluorescent bulbs
(Fig. 14d).

The results of the second series of experiments performed
under UV lighting were represented in Figures 2, 3, 4 and
5 for pyrene, phenanthrene, fluoranthene and chrysene, re-
spectively. The figures (a and b within the series) generated
for only two concentrations of each PAH show the changes
in cell concentrations relative to controls incubated under
UV with several time courses. It should be noted that the in-
cubation under UV lighting system was stopped after Day
4, so that the cell counts obtained on Day 7 illustrate the
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Fig. 2. Effect of pyrene on Phaeodactylum tricornutum under UV
radiation at several incubation times.
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possible recovery of Phaeodactylum cells after 3 days incu-
bation under fluorescent lights following UV application.

Figure 2 created for pyrene shows that cultures incubated
in 40 g L1 (Fig. 2a) did not show a significant difference
compared to the cultures incubated under fluorecent light-
ing. In the case of 120 ug L™!, inhibition was more pro-
nounced and began from the second day. Four hours per
day UV application to the cultures in 120 ug L~! pyrene
solution almost stopped the growth completely. ECs val-
ues were calculated with the trimmed Spearman—Karber
method using US EPA statistical computer program (Ver-
sion 1.5) are demonstrated in Table 3. Without UV radia-
tion, Phaeodactylum cells’ ECsq for pyrene was 106.26 ug
L~! According to the data, after application of UV radia-
tion, the ECsy values dropped to levels between 40.00 and
52.78 ug L' (for 2 and 3 hours application respectively)
which indicates a 2-3 fold change in sensitivity compared
to the cultures incubated in the absence of UV radiation. A
linear relationship was not found between the inhibition of
algal growth and duration of UV exposure.

The responses of Phaeodactylum cultures incubated in
100 ug L~! and 400 ug L~! phenanthrene concentrations
were shown in Figure 3. UV applications of 1 and 2 hours
showed no effect on the growth according to the cell num-
bers determined on the first day for both concentrations
compared to the responses of cultures incubated under flu-
orescent lights. In both concentrations, 3 and 4 hours/day
applications of UV radiation had a pronounced effect. Since
400 g L~! phenanthrene results in a clear inhibition (Fig.
1b) on the cell growth compared to the cultures in 100 ug
L~! phenanthrene, the effect under UV lighting system was
more significant and after 3 days, recovery of cells under
fluorescent light following 4 hours/day of UV application
was not possible.

100 4 (a)100 pg L'
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80 | é§
~ 60 gg
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Fig. 3. Effect of phenanthrene on Phaeodactylum tricornutum un-
der UV radiation at several incubation times.
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Fig. 4. Effect of fluoranthene on Phaeodactylum tricornutum un-
der UV radiation at several incubation times.

From the ECsj values (Table 3), the effect of UV lighting
duration can be observed clearly. ECsyvalues for fluorescent
and 1-2 hours/day UV applications were found 346.98 ug
L!,293 ug L~" and 297ug L~! respectively, while the val-
ues dropped to 121.23 ug L~! for 3 hours, and 124.96 ug
L~! for 4 hours UV applications.

Figure 4 summarizes the results of fluoranthene expo-
sures under fluorescent and UV lighting. From the growth
curves (Fig. 1c), it is clear that 250 pug/L fluoranthene al-
most stops the growth ; that behavior can also be seen from
Figure 4a and Figure 4b. An additional effect of UV ap-
plication up to 4 hours day~! to the cultures incubated in
250 ug L~! fluoranthene seems negligible. Although there
was no difference between the ECspvalues incubated un-
der fluorescent and under UV application of 1 hour, the
ECspvalues calculated for the cultures of 2,3 and 4 hours
UV application (Table 3) indicate that duration of UV radi-
ation was linearly related to inhibition of cell growth. ECsg
values was dropped to 64.43 g L™! after 4 hours of UV
exposure which is nearly the half of the value found for the
ECs values incubated under fluorescent and after 1 hour
per day UV application.

Chrysene concentrations of 1.0 and 1.8 applied in this
study showed no pronounced effect on Phaeodactylum for
1-2 hours/day of UV exposure, although 3 and 4 hours
day~! applications, particularly for the higher concentra-
tion caused a clear inhibition on the growth (Fig. 5). ECsg
values could not be calculated for the cultures incubated
under fluorescent and under 1 and 2 hours of UV appli-
cation since the growth of the cells was not inhibited. The
application of 3 and 4 hours of UV affected the growth
significantly i.e., the ECsy values for those exposures were
found 1.00 g L~ and 0.63 ug L~! respectively (Table 3).

When the previous studies on the phototoxic effects of in-
dividual PAHs were examined, a very complicated situation
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Fig. 5. Effect of chrysene on Phaeodactylum tricornutum under
UV radiation at several incubation times.

was met and this causes a great adversity to compare the
results because of the variations in the parameters such as
organisms, selected end points, UV light intensities and/or
radiation type (UVA or UVB), duration of exposure, con-
centrations of PAHs (especially the differences between the
concentrations above and below the solubility limits) etc.
Even with the same organisms, very different results, were
obtained.

In this study, the toxic effect of pyrene on Phaeodacty-
lum tricornutum presented in Figure la was significant. In
a previous study with the same algae and pyrene tested be-
tween 20 g L~'-100 g L~" in a similar test design, a clear
dose-response relationship was not found throughout the
test duration.”*!! One of the reason for pyrene to be found
toxic in 96 hours’test in this study may be the difference in
the temperature which was higher (2°C) in this study com-
pared to the previous one. As is well known the temperature
affects both the metabolism of the organisms and the fate
of the chemicals.

In the same study, the acute-short term toxicity test
(6 hours) results depending on the ability of '*C uptake with
Phaeodactylum showed that pyrene is acutely toxic to the
algae (ECso = 68-70 g L~!).*I From Table 3, without UV
radiation, Phaeodactylum cells’ ECsyfor pyrene was found
as 106.26 g L~! which was higher (less toxic) compared
to the toxicity tests performed by measuring the!*C uptake
rate.*!] That shows that the test design and endpoint se-
lection for toxicity tests are very important and the results
may differ significantly.

In a fluoranthene exposure study, Southerland
and LewitusP®!! tested the physiological response of
Ankistrodesmus (an estuarine benthic green microalga) to
fluoranthene addition at 19 ug/L, which was a very low
concentration compared to the concentrations applied
in this study (50 ug L™'-250 ug L~'), no significant
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effect on growth rate was observed. On the other hand,
in another fluoranthene +UYV exposure study carried out
with Daphnia magna, fluoranthene toxicity was higher
after a 2 hour exposure to solar-simulating UV light, if
organisms were allowed to accumulate the substance for
24 hours prior to irradiation.*?) No enhanced toxicity
was observed if the solutions were irradiated before the
daphnids were added, thus it was concluded that the acute
phototoxicity of fluoranthene was predominantly due to
photoactivation of accumulated or adsorbed molecules
through the production of either singlet oxygen or free rad-
icals by UV light. In this study although the phytoplankton
cultures had enough time (4 days) to bioaccumulate the
compound, no additional effect of UV lighting could
be observed until the exposure was extended to 4 hours
day~!. It should also be remarked that no recovery of the
cultures exposed to 4 hours day~! was observed. In fact,
in most cases the inhibition on day 7 was lower compared
to the results obtained on day 4. There may be several
reasons for that mainly the batchwise design of the algal
toxicity testing systems, which has several disadvantages.
One of the disadvantage of those systems is imposibility of
reaching a stable steady state in the test chamber i.e. the
parameters in the vessels such as the concentration/the
structure of the original chemical, the number of cells and
the amount of nutrients change permanently. As a result
of that, for example, the amount of chemical per cell has
been decreasing during the exposure period and inhibition
may decrease towards the end of the test.

The oligochaete Lumbriculus variegatus was exposed to
multiple concentrations of pyrene and fluoranthene for
96 hours in the absence and in the presence of UV radi-
ation and pyrene was 4-fold more potent than fluoranthene
in a UV exposure study.[**l When comparing the ECs val-
ues found for pyrene and fluoranthene in this study, pyrene
was 1.30-2.65 fold more toxic than fluoranthene for all UV
exposures.

Kowalewskal'>! reported that individual PAHs interact
differently with phytoplankton cells depending on their
physicochemical properties and molecular structure. PAHs
of higher symmetry, such as anthracene, chrysene, and
dibenzoanthracene absorbed more easily in cells and form
more stable complexes than compounds of lower symme-
try, which may be adsorbed only on the outer surface or
on detritus particles. This may be a reason for chrysene to
show a higher toxic effect (lower ECsy-Table 3) compared
to the phenanthrene and fluoranthene after 3-4 hours/day
UV exposure.

In a study with Daphnia magna as the test species, ECs
values for pyrene, phenantrene, fluoranthene and chrysene
were all estimated to be greater than 1024 ug L~! before
UV exposure.*Y Those values are very much higher than
those found in this study. ECs values after 24 hours UV
exposure in the same study differed significantly and was
1.38, 378, 5.01 and >1024 for pyrene, phenanthrene, fluo-
ranthene and chrysene respectively, indicating that the pho-

Okay and Karacik

totoxicity ranking of those chemicals is as PYR > FL >
PHEN > CRY, which was the same in this study when com-
paring the values obtained after 24 and 48 hours. The same
ranking was also reported by Schirmer et al.[*] who carried
out a similar study with fish cells. Although the ECs values
differ greatly for some PAHs, depending on many factors es-
pecially on the sensitivity of organisms at different trophic
levels, the phototoxicity ranking of parent PAHs did not
changed in these studies despite the fact that the methodol-
ogy and test organisms are different. In a study carried out
with the same organism (Daphnia magna), ECsy values for
pyrene were between 29.2 g L~! and 54.8 g L1 which
is very low compared to the result (>1024 ug L~! )obtained
by Wernersson,*4 before UV exposure. In the same studies
after UV exposure, ECs, values were given ranging from 3.0
ng L7't030.0 ug L~! and 1.38 ug L~! pyrene by Nikkila
et al.*l and by Wernersson!*! respectively.

ECsp values were not detected before and after the
applications of SSR in the presence of pyrene for both
short-term and long-term applications with using differ-
ent endpoints (inhibition of luminescence and inhibition
of growth) in a marine bacterial bioassay system utilizing
Vibrio fischeri and various PAHs at concentrations above
the solubility limits under Simulated Solar Radiation (SSR;
UVA-+UVB+Fluorescent bulbs).*”) Phenanthrene expo-
sures of Vibrio fisheri in the same test system resulted in
ECs values between 6.72 +0.35mg L' t0 8.09 & 0.33 mg
L~!. Additional to that in the same study, ECs, values for
both PAHs were very high compared to the exposure studies
in the literature remarking the differences in the sensitivities
of the organisms used in toxicity test systems.[*’]

Conclusions

As with other environmental stress factors, UV-B causes
species-specific responses with a high degree of intraspecies
variation. In this study, Phaeodactylum tricornutum showed
enhanced sensitivity to the selected model PAHs in the pres-
ence of UV irradiation in accordance with the responses of
most aquatic species in the previous studies. The degree of
toxicity was dependent on the concentration of the PAHs
and duration of UV radiation. In most cases, the sensitiv-
ity of Phaeodactylum to the PAHs was 2-3 times greater
under UV exposure than when exposed to PAHs alone.
These results confirm that PAHs used in this study possess
a phototoxic mode of action. In the field, the consequences
of UV exposure may be different. For example, UV doses
may be higher than those simulated in the laboratory, or
individual PAH phototoxicity may be compounded by the
co-occurrence in tissues of other phototoxic PAHs.
Although there is significant evidence that increased U V-
B exposure is harmful to all aquatic organisms—as was
indicated in several studies—including phytoplankton by
inhibiting growth and photosynthesis, damage at the whole
ecosystem level is still uncertain and responses may not be
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limited to simple decreases in primary production that may
cause detectable differences in ecosystem biomass in time.
Thus, further studies should aim to determine the effect of
individual and combined effects of PAHs 4+ UV exposures
at typical intensities and durations in the field on common
organisms at several trophic levels by considering the site-
specific ranges of PAH concentrations in different matrices
of aquatic environments.
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