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Concludingg remarks
Phytoplanktonn development and light-dependent transformation of compoundss can both be considered as photochemical processes, which concur in
surfacee waters. Therefore, this thesis investigated the influence of UV
radiationn on the interaction between phototoxic compounds and
phototrophicc organisms. Here, the main findings of this thesis will be
discussedd and the implications for risk assessment of phototoxic aromatic
compoundss will be reviewed.

Photolysiss of azaarenes in water
Inn general, the photolysis rates of homocyclic PAHs in water increase with
increasingg number of aromatic rings (Zepp and Schlotzhauer, 1979; Chen et
ah,ah, 2001). High correlations were also reported between photolysis rates of
PAHss determined under laboratory light and under natural light and it was
foundd that the efficiency of photochemical reactions (<p) of most homocyclic
PAHss is not greatly wavelength dependent (Zepp and Schlotzhauer, 1979;
Leifer,, 1988). In the present thesis, however, azaarenes were shown to react
differently.. No relationship was observed between the molecular structure
off the azaarenes and photolysis rates (chapter 3) and the extrapolation of
photolysiss rates to environmentally realistic photolysis rates cannot be
straightforward,, due to a wavelength dependency of q> (chapter 3). As a
consequencee of this wavelength dependency, photolysis rates of azaarenes
willl be lower under complex natural irradiance than under the high energy
off laboratory UV. An even more important finding of the present study is
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thatt the UV spectrum in water determines the type of photolysis reactions
andd consequently the type of photoproducts formed (chapter 3). Azaarenes
irradiatedd with UV-B (300 nm) transformed rapidly into products that had
noo biological effect, while azaarenes irradiated with UV-A (350 nm) were at
leastt partly transformed into stable products that exhibited toxicity. These
observationss emphasize the need to further investigate the environmental
relevancee of these different photolysis reactions products.
Itt is well-known that in water the intensity of sunlight is attenuated and the
distributionn of its spectrum is altered due to absorption and scattering of
lightt (Zepp and Cline, 1977; Leifer, 1988; Kochany and Maguire, 1994a).
Especiallyy organic compounds such as algal pigments and DOC absorb UV
radiationn efficiently (Zepp and Cline, 1977; Maclntyre et al., 2000). In
general,, the attenuation increases with decreasing wavelength (Zepp and
Cline,, 1977; Leifer, 1988). Therefore, UV-B mediated photolysis will be
significantt only in the uppermost layers of water, whereas compounds that
absorbb especially UV-A can react at greater depths, depending on the
compositionn of water (Plane et at., 1987). In addition the fraction of UV-A
inn skylight exceeds by far the fraction of UV-B. The abundance of UV-A in
surfacee waters and the observed increased toxicity due to products formed
underr UV-A irradiance underline the potential contribution of photolysis
productss of azaarenes to their overall photoenhanced toxicity.

Photoenhancedd toxicity: photosensitization and
photomodification n
Thee relationship between non-specific toxicity or narcosis and molecular
structuress has been investigated thoroughly (Könemann, 1981; de Voogt et
ai,ai, 1988; Bleeker et al, 1998), providing suitable descriptors such as log
KKovov,, to predict narcosis of aromatic compounds to microalgae and other
aquaticc organisms. Deviations from the relationship between Kow and
toxicityy of aromatic compounds under UV light, such as found in the present
thesis,, are indications for an additional, specific toxic mode of action, in this
casee photoenhanced toxicity (chapter 2). To distinguish photoenhanced
toxicityy from baseline toxicity or narcosis, photoenhanced toxicity has to be
comparedd under different irradiance regimes. Filtering fractions of the UVAA or UV-B radiation may thereby indicate the role of certain wavelength
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rangess (see chapter 4). Using this selective filtering, photoenhanced toxicity
hass been observed even under very low light and UV irradiance in the laboratoryy (chapter 4).
Forr azaarenes, the theoretical models of Mekenyan et al (1994b), Veith et
alal (1995) and Ankley et al (1997), describing an energetic window defined
byy the HOMO-LUMO gap (phototoxic window), provide a suitable tool to
describee and hence predict photoenhanced toxicity (chapter 2). However, for
bothh homocyclic PAHs and azaarenes, photomodification can result in oxygenatedd products, as in photosensitization reactions (Foote, 1991; Huang et
al,al, 1997a; Mallakin et al, 1999), also resulting in an enhancement of
toxicityy (chapter 3). Several published studies do not discriminate between
thee toxicity of (persistent) transformation products formed upon partial
photolysiss and the immediate effects of photosensitization (Huang et al,
1995;; Ankley et al, 1997; Huang et al, 1997b). The extreme short lifespan
off reactive species that are formed during photosensitization (Girotti, 1983;
Larsonn and Berenbaum, 1988; Foote, 1991) enabled us to separate their
effectss from the toxicity of stable photolysis products and from narcosis of
parentt azaarenes (chapter 3). It was observed that in contrast to photosensitization,, photomodification is not restricted to azaarenes with HOMOLUMOO gap values within this 'phototoxic region'. Therefore, this thesis
stresss the importance of photomodification products of azaarenes.

Photosensitizationn and photosynthesis
Inn phototrophic organisms, the excitation of chlorophyll by light, resulting
inn a conversion of light to chemical energy, is a process that resembles
photosensitizationn reactions of PAHs (Figure 6.1). During these photochemicall processes, reactive oxygen such as singlet oxygen is formed
(Demmig-Adams,, 1990; Young, 1991). Therefore, these organisms developedd protection mechanisms to prevent damage caused by these radicals in
thee chloroplast. For example, carotenoids are effective radical scavengers
andd quenchers of excited chlorophyll states (Demmig-Adams, 1990; Young,
1991).. Algae, transferred from low to high UV intensities, adapted to these
lightt conditions by increasing their amount of carotenoids (Goss et al,
1999;; Masojidek et al, 1999; Underwood et al, 1999).
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Figuree 6.1. Schematic illustration of the photosensitized production of singlet oxygen
viaa excitation of chlorophylls (Chi = chlorophylls, Car = carotenoids, Zea =
zeaxanthin).. Modified after Demmig-Adams (1990).

Untill now a higher resistance of algae to photoenhanced toxicity of PAHs
hass been invoked as a result of the well developed radical scavenging by
carotenoidss (Gala and Giesy, 1993; Arfsten et al, 1996). This type of protectionn is particularly needed under exposure to UV and suggests that UV
adaptedd algae are more protected against the adverse effects of PAH photosensitizationn than algae living in the absence of UV radiation. However, the
capacityy of microalgae to mitigate phototoxic stress through their accessory
pigmentss could not be determined with standard end-points (growth) and
photosyntheticc capacity parameters (electron transport efficiency of photosystemm II or ^PS n and the relative energy dissipation or the quenching of
chlorophylll a) (chapter 5). Due to rapid adjustment of pigment composition
andd PSI to PS II stoichiometry of algae, algae pre-cultured under high intensitiess of UV radiation were not more resilient to photoenhanced toxicity of
thee azaarene acridine than algae pre-cultured under low UV intensities.
Apparently,, the protective role of carotenoids is merely confined to manage
thee electron transport of PS II. Carotenoids cannot protect the algae from
cellularr damage, but this damage is not related to the photosynthetic
apparatus.. Membrane damage due to oxidation of lipids by singlet oxygen
hass frequently been proposed as a mechanism for photoenhanced toxicity
(McCloskeyy and Oris, 1991; Arfsten et al, 1996), suggesting that the
membranee function may be the primary target for photoenhanced toxicity,
insteadd of the functioning of the PS II complexes (Rohacek and Bartak,
1999). .
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AA key parameter for photoenhanced toxicity
Thee phenomenon of photoenhanced toxicity has been described for a
numberr of PAHs and azaarenes (Arfsten et al., 1996) and has been observed
underr widely differing light regimes, including artificial light and daylight.
Unequivocall proof was provided that UV irradiance has a very significant
enhancingg effect on toxicity (Arfsten et ai, 1996; Diamond et ai, 2000) and
thee present thesis extended this evidence to several azaarenes. Traditionally,
thee effect of light is expressed in terms of an (lowered) EC50 value for the
phototoxicc compound. The decrease in EC50 values serves as a semi-quantitativetitative measure for the strength of phototoxic effects but depends strongly
onn the nature of the light source. For acridine, these mechanisms were
studiedd in depth and a key parameter has been proposed here that is likely to
bee fundamental for quantifying photoenhanced toxicity. Using photochemicall principles, the amount of irradiance that is absorbed by the compoundd is taken as a key process and is recognized to be applicable to
complexx conditions of daylight attenuated in the water column. To accomplishh this, the spectral irradiance corrected for absorption by algae, particles
andd solutes in the water column is required. These data combined with the
UVV absorption spectrum of the phototoxic compound present in a given
concentrationn for a relevant depth can be used to calculate a single parameterr quantifying the UV irradiance absorbed by the compound that can initiatee biological damage (chapter 4). The effective dose is re-addressed from
thee number of molecules (concentration of the phototoxic compound) to the
fluxx of light (energy dose) available to elicit a toxic effect. Since the efficiencyy of absorbing energy and its reactivity thereupon is compound
specific,, the effect on the biological target is likely to be different for differentt phototoxic PAHs and needs to be established for each case. This
approachh can be used to predict the photoenhanced toxicity, especially
underr natural conditions where a quantitative description of the phenomenonn was hardly possible until now.

Implicationss for environmental water quality criteria in the
Netherlands s
Thee existing quality criteria for PAHs are susceptible to criticism. For some
PAHs,, quality criteria such as maximum permissible risk concentrations
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(MPCs)) are based on empirical results, while for others toxicity data are
generatedd using QSAR analysis (Kalf et ai, 1995; Ministry of Transport,
1997).. Criteria are mostly based on narcotic toxicity of single PAHs and
otherr end-points such as carcinogenicity and photoenhanced toxicity of
PAHss and biodegradation products are not considered (Kalf et ai, 1995).
Tenn PAHs (Table 6.1), all homocyclic, serve as model compounds for the
riskk assessment of pollution with PAHs. Water quality criteria (or sediment
criteria)) for these few compounds are assumed to be representative of a vast
groupp of PAHs. This raises the question whether or not the existing quality
criteriaa are representative of azaarenes as well and if they protect against
otherr modes of actions, such as photoenhanced toxicity.
Tablee 6.1. Quality criteria (MPC) for PAHs in
surfacee waters, based on experimental data and
QSARR analysis (Kalf et al., 1995; Ministry of
Transport,, 1997)
PAH H
Naphthalene e
Anthracene e
Phenanthrene e
Fluoranthene e
Benzo[a]anthracene e
Chrysene3 3
Benzo[>c]fluoranthene e
Benzo[a]pyrene e
BenzotgrA/lperylene3 3
Indenopyrene3 3

MPCC {jjgllf MPCC
1.2 2
1.2 2
0.07 7
0.08 8
0.3 3
0.3 3
0.3 3
0.5 5
0.01 1
0.03 3
0.34 4
0.9 9
0.04 4
0.2 2
0.2 2
0.05 5
0.5 5
0.03 3
0.4 4
0.04 4

{jjgllf

a
forr these compounds no toxicity data is available."5MPC
dissolvedd in surface waters and dissolved and
particulatee MPC.

Too test if the existing quality criteria are representative of azaarenes, MPC
valuess are calculated here using the present data that obviously suffer from
thee restriction that only algae are considered. MPC values are routinely calculatedd from the minimum toxicity (narcotic effects) using the lowest EC50
orr NOEC values for the most sensitive species of at least three groups of
organismss (fish, daphnids and algae) (Table 6.1). Here, MPC values based
onn narcosis of azaarenes could be derived using the lowest EC50 values of
azaareness for the marine algae Dunaliella tertiolecta and Phaeodactylum
tricornutum,tricornutum, respectively (chapters 2 and 3) applying a safety factor of 100
accordingg to Kalf et al. (1995) (Table 6.2).
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Tablee 6.2. Indicative MPC values (pg/L) of
azaareness based on narcosis or including other
modess of action using a safety factor of 100
narcosis s otherr mode
Compound d
715 5
2.3 3
Quinoline e
5.5 5
Isoquinoline e
497 7
22.6 6
0.8 a -0.1 b b
Acridine e
26.4 4
10.5 5
Phenanthridine e
0.7 7
-Benz[a]acridine e
0.2 2
Benz[c]acridine e
-a
outdoorr test with P. tricornutum (chapter 4), outdoor
testt with phytoplankton communities (unpublished).
narcosis s
oo quinoline
oo isoquinoline

10 0

outdoorr test with P. tricornutum
outdoorr test with phytoplankton
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Figuree 6.2. Schematic view of the relation between log Kow and log MPC values,
determinedd for the narcotic effects of PAHs and of azaarenes (open and closed
circles,, respectively), determined for toxic effects including other modes of action
suchh as photoenhanced toxicity (open and closed squares, respectively). A model
forr narcotic toxicity to Daphnia magna (log NOEC = -0.95 log Kow - 2.0) after Nendza
andd Hermens (1995) is included to illustrate that the present MPC values are mostly
basedd on narcosis.

Comparingg the relative toxicities of PAHs, in this case, those of azaarenes
andd homocyclic PAHs requires that the differences in lipophilicity are properlyy included. Therefore, in Figure 6.2 MPC values of PAHs are plotted

97 7

ChapterChapter 6 — Concluding remarks

togetherr with the tentative MPC values of azaarenes against log Kow values.
Figuree 6.2 shows that several azaarenes and homocyclic PAHs obey the
predictionss by a model for narcotic action (Nendza and Hermens, 1995) and
thatt generally the MPC values of azaarenes are in the same range as of
homocyclicc PAHs. For both homocyclic PAHs and azaarenes, narcosis was
indeedd well described by log Kow (Bleeker et al., in press) reflecting that
mostt of the MPC values of homocyclic PAHs are solely based on narcotic
action.. However, Figure 6.2 also shows that deviations from the model for
narcoticc action abound and that additional, specific toxicity occurs, especiallyy among the azaarenes.

Too answer the question if these narcotic MPC values protect against specific
modess of action, these values are compared to effect concentrations of
azaareness for photoenhanced toxicity, including photomodification and
photosensitizationn effects. In toxicity test with P. tricornutum, UV-A irradiatedd samples evidently led to much lower effect concentrations than when
onlyy pure parental compounds were tested (for example for quinoline 1.70
andd 571 /vM, respectively; chapter 3). Consequently, MPC values will be
lower,, as is indicated in Figure 6.2. In field validation experiments with P.
tricornutumtricornutum and marine phytoplankton communities exposed to acridine, the
observedd effect levels (0.45 and 0.08 //M, respectively) equalled the MPC
calculatedd for narcotic action (0.13 /nM). Given the role of quality criteria,
however,, MPC at the level of the observed effects concentrations for photosensitizationn under natural light are not acceptable (Figure 6.2). Taken into
accountt an observed increase of UV radiation (Slaper et al, 1996) and the
pollutionn by PAHs, MPC values based on narcosis may pose an environmentall risk for both PAHs and azaarenes as illustrated in Figure 6.2.
Evenn accounting for the restrictions in the present calculations of MPC
valuess of azaarenes, there is sufficient evidence to urge for extending the
currentt dataset with quality criteria for azaarenes and, even more importantly,, incorporating other modes of action. For the specific effects of photosensitizationn this thesis provides the means to quantify the 'specific' (light
orr UV induced) effects (chapter 4). This light dependent effect is strong
comparedd to the baseline toxicity and, hence, an important quantitative variablee is now available to be incorporated in water quality criteria.
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