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Summary 
So far, most research on the toxicity of polycyclic aromatic hydrocarbons (PAHs) has 

been focused on the non-substituted PAHs. The substituted PAHs are most likely more 
reactive and potentially more toxic than parent PAHs and therefore the toxicity of 
heterocyclic PAHs is studied here. Acute toxic effects of quinoline, acridine, phenanthridine, 
benzo[f]quinoline and benz[a]acridine on Chironomus riparius larvae are determined. 
Growth was only reduced at concentrations very close to lethal doses. Toxicity increased 
with an increase of the number of aromatic rings of the compound, but also within the three 
benzoquinoline isomers significant differences in toxicity are observed. This indicates a 
specific action of some NPAHs thus complicating an assessment of environmental risk. 
 

INTRODUCTION 
 

The research on polycyclic aromatic hydrocarbons (PAHS) has improved the knowledge 
on this group of compounds considerably. Some questions, however, are still unanswered. 
While there are many carcinogenicity data, only few data on toxicity to aquatic organisms 
have been generated. Furthermore, the relationship between the different kinds of effects of 
PAHs remains unclear (Groenendijk, 1993): are the observed effects caused by 
carcinogenicity, mutagenicity, teratogenicity, direct toxicity or combinations of these four? 
These uncertainties make it difficult to set environmental standards for this group of 
compounds. 

Until now, research has been focused on non-substituted 'parent' PAHs. However, 
substituted PAHs, both external (H-atoms are substituted) and internal (C-atoms have been 
replaced), are most likely more reactive and potentially more toxic than parent PAHs. 
Likely, parent PAHs are only part of the total effective toxicity/mutagenicity in field 
samples. Especially the very diverse group of substituted PAHs would be responsible for 
observed effects (Opperhuizen et al., 1993). Therefore, this study focuses on one of the 
family of substituted PAHs, the nitrogen-substituted PAHs (NPAHs). There are only few 
data on NPAHs, both on their presence in the field and on their effects (e.g. Santodonato & 
Howard, 1981, Southworth et al., 1978). These data, however, are essential for the 
validation of standards for the large range of NPAHs. 

The few field surveys carried out so far, demonstrate that NPAHs can be present in 
detectable concentrations in waters and in sediments (Adams & Giam, 1984, Furlong & 
Carpenter, 1982, Van Genderen et al., 1994). Data on the effects of NPAHs on aquatic 
organisms mostly concern studies on Daphnia magna and D. pulex (Johnson et al., 1990, 
Parkhurst et al., 1981, Southworth et al., 1978). Because of the limited variety in test 
organisms, it is important to collect more effect concentrations of these compounds for other 
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aquatic organisms. In this study five NPAHs were tested in acute experiments on larvae of 
the midge Chironomus riparius. 

 
MATERIALS AND METHODS 

 
Fifty first instar larvae were placed in a glass vessel containing 100 ml Dutch Standard 

Water (DSW) (Van de Guchte et al., 1993). The larvae originated from a laboratory culture 
and were fed 1 ml of a solution of Tetraphyl® and Trouvit in DSW. 

The toxicants tested were quinoline (1, 2, 4, 8, and 16 mg/L), acridine (0.04, 0.08, 0.16, 
0.31, and 0.63 mg/L), phenanthridine (0.04, 0.08, 0.16, 0.31, 0.63, 1.25, 2.5 mg/L), 
benzo[f]quinoline (0.08, 0.16, 0.31, 0.63, and 1.25 mg/L) and benz[a]acridine (0.004, 0.008, 
0.016, 0.031, and 0.063 mg/L). In figure 1 the structure formulas of these compounds are 
given. All concentrations of each compound, including two controls, were tested in triplicate. 
At the start of each experiment the length of 25 larvae was measured and after 96 h 
surviving larvae were counted and their length measured. 

 

 
 quinoline acridine phenanthridine benzo[f]quinoline benz[a]acridine 

 
Figure 1. The structure formulas of the NPAHs tested. 

 
After 1 h and after 96 h water samples were taken to determine the actual toxicant 

concentration in the water. 2.5 ml water was sampled and centrifuged (4000 rpm during 5 
min.). 1 ml of the supernatant was then measured by High Pressure Liquid Chromatography 
(HPLC), using fluorescence detection (Kratos Spectroflow 980) for benz[a]acridine and UV 
detection (Applied Biosystems model 785) for the other compounds. A 150*4.6 mm 
LiChrosorb 5 µm RP-18 analytical column was used with a 4*4 mm LiChrosphere 5 µm RP-
18 guard-column. Column temperature was set to 40 ºC and 20 µl per sample was 
automatically analysed. Quinoline was detected at a wavelength of 220 nm and was eluted 
with a mixture of 65 % methanol (J.T. Baker Analyzed HPLC Reagent, min. 99.8 %) and 
35 % 13.4 mM phosphate buffer (Merck, 1.0998 Titrisol®, pH 7.00 ± 0.02). Acridine, 
phenanthridine and benzo[f]quinoline were detected at a wavelength of 254 nm after elution 
with a mixture of 80 % methanol and 20 % phosphate buffer. Benz[a]acridine was detected 
at an excitation wavelength of 285 nm and an emission wavelength of >354 nm and eluted 
with a mixture of 80 % acetonitrile (J.T. Baker Analyzed HPLC Reagent, min. 99.9%) and 
20 % water (J.T. Baker Analyzed HPLC Reagent). 

The LC50 was calculated using probit analysis (Finney, 1971), while the data on growth 
were analysed using the non-parametric statistic test of Kruskal-Wallis, according to Sokal 
& Rohlf (1981). 

 
RESULTS AND DISCUSSION 

 
Figure 2 shows two typical dose response curves for the toxicity of NPAHs, in this case 

acridine, to the midge Chironomus riparius. A clear dose response curve was observed for 
survival, but when larvae survive they tend to grow normally. The lowest concentration that 
reduced growth, also caused about 98% mortality, so an EC50 for growth could not be 
calculated. The same pattern was found for all NPAHs tested. 

The LC50 values are given in table 1. Acridine, phenanthridine and benzo[f]quinoline, 
all having three ringed molecules, are more toxic than the two ringed quinoline. 
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Benz[a]acridine, a four ring structure is much more toxic than each of the three ring 
compounds. Thus, toxicity increases with increasing number of rings. This is in agreement 
with results for Chironomus tentans (Cushman & McKamey, 1981) and for Daphnia magna 
(Parkhurst et al., 1981), both exposed to quinoline and acridine and with results for the frog 
Rana pipiens exposed to pyridine, quinoline and acridine (Birge & Cassidy, 1983). This 
increase in toxicity coincides with an increase in lipophilicity. Another explanation can be 
that the smaller compounds degrade more easily than the larger ones. Rainbow trout (Salmo 
gairdneri) quickly took up and metabolised quinoline (Bean et al., 1985) and micro-
organisms can also degrade this compound (Bollag & Kaiser, 1991, Pereira et al., 1988, 
Sutherland et al., 1994b). Sutherland et al. (1994a) reported that also acridine was 
metabolised by mycelia of Cunninghamella elegans. In experiments with the mussel 
Dreissena polymorpha it was found that degradation of acridine took place, at least partly 
due to the activity of the mussels (Kraak et al., in prep). Metabolisation of the other three-
ring structures and of benz[a]acridine has not been reported. In our experiments with 
phenanthridine, however, an extra peak appeared in the HPLC-chromatograms. The area of 
this peak increased, while the peak of phenanthridine decreased, indicating that this peak 
was a metabolite of phenanthridine, so far not identified. 

 

 
 

Figure 2. Growth and survival of Chironomus riparius larvae at different concentrations 
of acridine. Both survival and growth are plotted as percentage of the 
corresponding control. 

 
The LC50-values in table 1 are based on both nominal and actual concentrations, 

because big differences were observed in the recovery of the different compounds. While all 
the quinoline remains in the water, the recovery for the other compounds is much lower. 
This is mostly due to the fact that the compounds bind to the glass wall of the aquarium, to 
the food and to the midges. Especially in the case of the relatively lipophilic four ring 
structure benz[a]acridine concentrations in the water rapidly dropped. In this case it is more 
realistic to look at the nominal LC50, because the actual concentration in the water is an 
underestimation of the total exposure to benz[a]acridine. The recovery percentage clearly 
reflects the increasing lipophilicity, and therewith this increasing importance of uptake via 
food, relative to uptake via water. However, further research on the uptake of these 
compounds via water or particles is needed. 

From the LC50 values for acridine found for juvenile copepods (Diaptomus clavipes) 
(1.59 and 1.55 mg/L) (Cooney & Gehrs, 1984), the 24h LC50 (2.92 mg/L) and the 24h EC50 
(1.71 mg/L) for Daphnia pulex (Southworth et al., 1978), and the 48h LC50 (2.3 mg/L) and 
the chronic LOEC (0.8 mg/L) for Daphnia magna (Parkhurst et al., 1981) it is clear that the 
effect concentrations for the species tested so far are in the same range. Also the 48h LC50 
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(1.96 mg/L) for Chironomus tentans (Cushman & McKamey,, 1981), strongly related to our 
test species C. riparius, is in this range. This may indicate a similar mode of action at 
cellular level, e.g. a narcotic effect. The LC50 (0.07 mg/L) for our species, however, is much 
lower. An explanation for these differences between C. riparius and C. tentans can be that 
Cushman & McKamey (1981) used fourth instar larvae, while in these experiments the more 
sensitive first instar larvae have been used (Williams et al., 1986). Another explanation can 
be that our experiments lasted for 96 h, while the experiments of Cushman & McKamey 
(1981) only lasted for 48 h. This can also explain the differences in LC50 for quinoline 
between Cushman & McKamey (1981) (57.2 mg/L) and this study (6.8 mg/L). For Daphnia 
pulex exposed to benz[a]acridine, an 24h LC50 of 0.449 mg/L was calculated (Southworth et 
al., 1978). This is a much higher concentration than found in this study, even compared to 
the nominal LC50. The most likely explanation is, of course, the difference in test organism, 
but also the difference in exposure time can play a role. 

 
 recovery (%) LC50nominal (mg/L) LC50actual (mg/L) 
Qui 103.18 ± 4.99 5.0853 (4.4122 - 5.8612) 6.7550 (5.4640 - 8.3510) 
Acr 39.82 ± 2.30 0.1535 (0.1343 - 0.1754) 0.0720 (0.0690 - 0.0750) 
Phe 72.33 ± 1.53 0.7167 (0.6722 - 0.7640) 0.5131 (0.4810 - 0.5472) 
BfQ 64.94 ± 1.19 1.0017 (0.8873 - 1.1308) 0.6060 (0.5480 - 0.6700) 
BaA 7.87 ± 1.05 0.0902 (0.0769 - 0.1059) 0.0127 (0.0108 - 0.0149) 

 
Table 1. Recovery and calculated effect concentrations of NPAHs. Qui = quinoline, Acr = 

acridine, Phe = phenanthridine, BfQ = benzo[f]quinoline, BaA = benz[a]acridine. 
Recovery : percentage of the added NPAH recovered in the water after 96 hours ± 
standard error. In the third and fourth columns LC50-values are given for the 
NPAHs tested, based on both nominal and actual concentrations (95% confidence 
limits are given between brackets). 

 
Although toxicity clearly increased with the number of aromatic rings of the compound, 

significant differences in toxicity were also observed between the three isomers, acridine, 
phenanthridine and benzo[f]quinoline, indicating a more selective effect, in contrast with the 
hypothesis of a narcotic effect. This further complicates the setting of environmental 
standards for this group of compounds. 
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