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A congeneric set of 58 substituted anilines and phenols was tested using the 72-h algal growth inhibition
assay with Pseudokirchneriella subcapitata and 15-min Vibrio fischeri luminescence inhibition assay. The
set contained molecules substituted with one, two or three groups chosen from -chloro, -methyl
or -ethyl. For 48 compounds there was no REACH-compatible algal toxicity data available before. The
experimentally obtained EC50 values (mg L) for algae ranged from 1.43 (3,4,5-trichloroaniline) to
197 (phenol) and for V. fischeri from 0.37 (2,3,5-trichlorophenol) to 491 (aniline). Only five of the tested
58 chemicals showed inhibitory effect to algae at concentrations >100 mg L™}, i.e. could be classified as
“not harmful”, 32 chemicals as “harmful” (10-100 mg L~') and 21 as “toxic” (1-10 mg L'). The occupied
para-position tended to increase toxicity whereas most of the ortho-substituted congeners were the least
toxic. As a rule, the higher the number of substituents the higher the hydrophobicity and toxicity. How-
ever, in case of both assays, the compounds of similar hydrophobicity showed up to 30-fold different tox-
icities. There were also assay/organism dependent tendencies: phenols were more toxic than anilines in
the V. fischeri assay but not in the algal test. The comparison of the experimental toxicity data to the data
available from the literature as well as to QSAR predictions showed that toxicity of phenols to algae can
be modeled based on hydrophobicity, whereas the toxicity of anilines to algae as well as toxicity of both

anilines and phenols to V. fischeri depended on other characteristics in addition to logKq.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

REACH (Registration, Evaluation, Authorisation and Restriction
of Chemicals (EC, 2006) requires that all substances on the European
market, which are manufactured or imported in quantities of 1
tonne or more per year have to be evaluated for hazardous effects
to humans and environment by the year 2018. According to a recent
evaluation the number of such chemicals is between 68 000 and
101 000 (Costanza and Hartung, 2009), exceeding the earlier esti-
mate of 30 000 chemicals by the European Commision (Pedersen
et al., 2003). This translates into expensive and ethically question-
able toxicity testing unless alternative methods will be used (Har-
tung, 2009). For chemicals lacking experimental toxicity data the
quantitative structure-activity relationships (QSARs) are expected
to fill the gap (for a Review, see Netzeva et al., 2007). QSARs have
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been occasionally used in the regulatory assessment of chemicals
in the EU but under REACH the use of QSARs is expected to increase
remarkably. However, the existing QSAR models, including those
proposed or developed for regulatory purposes (e.g., US EPA ECO-
SAR, Danish (Q)SAR Database) still require improvement (Reuschen-
bach et al., 2008). It has been recognized that their sometimes poor
predictive performance is also due to scarce and inconsistent exper-
imental toxicity data on which the models have been built.
According to REACH the basic ecotoxicological information
requirements for substances manufactured or imported in quanti-
ties of 1-10 tonnes per year include short-term toxicity testing on
crustaceans (preferred species Daphnia, OECD, 2004) and growth
inhibition on aquatic plants (algae preferred, OECD, 2006). In addi-
tion, short-term toxicity testing on fish (OECD, 1992) is required in
the next tonnage level (>10 tonnes per year). These three organism
groups (crustaceans, algae, fish) represent different trophic levels
of the aquatic food web, all of which have to be protected. The
chemicals are classified according to the response of the most sen-
sitive of these three species. However, REACH-compatible and reli-
able (eco)toxicity data can be found in few datasets, the biggest of
which contains fathead minnow (Pimephales promelas) data on
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about 550 chemicals while the largest Daphnia dataset contains
about 370 EC50 values. The situation is even worse for algal toxic-
ity as there is no consistent dataset with more than 100 values
(Netzeva et al., 2007). In addition, algal test results vary consider-
ably due to the use of many different algal species and methods
(see Section 3.2.). A number of studies have found algae more sen-
sitive to chemicals than fish (Weyer et al., 2000; Hutchinson et al.,
2003; Kahru and Dubourguier, 2010). This implies that reliable al-
gal toxicity data may help to reduce the number of fish needed for
regulatory toxicity testing (Jeram et al., 2005).

Another alternative to higher organisms in toxicity testing is the
use of bacterial toxicity assays. The most widely used bacterium
for the ecotoxicity analysis is naturally luminescent gram-negative
marine bacterium Vibrio fischeri (formerly known as Photobacte-
rium phosphoreum) for which toxicity data are available for more
than 1000 chemicals (Kaiser and Palabrica, 1991). There are two
ISO standards concerning the luminescence inhibition assay with
V. fischeri: one for the water samples (ISO, 2007), and the most re-
cent one for sediments, solid and colored samples (ISO, 2010). A
number of comparisons of the V. fischeri test (e.g., Microtox" ) with
other toxicity bioassays have been done and significant correla-
tions for many species, including fish, crustaceans and algae have
been shown (Kaiser, 1998).

The aim of the current work was to obtain and critically analyze
the toxicity data of a congeneric set of anilines and phenols to algae
and bacteria in order to support the hazard classification and QSAR
development for REACH. For that 58 substituted anilines and phe-
nols were chosen and their toxicity tested with algae Pseudokirch-
neriella subcapitata and bacteria V. fischeri. The Algal OECD 201
assay was used due to its regulatory relevance and due to severe
shortage of algal toxicity data. Bacteria V. fischeri were chosen for
the comparison (decomposers versus primary producers) and due
to the extensive prior use of V. fischeri data in QSAR modeling (Cro-
nin and Schultz, 1997). In addition the data were compared to the
available toxicity data from the literature and databases as well as
to QSAR predictions.

Anilines and phenols are compounds of considerable industrial
and commercial importance, which makes them important envi-
ronmental pollutants (Keith and Telliard, 1979; Woo and Lai,
2004). Aniline (aminobenzene) and its derivates are introduced into
the environment from many different fields of applications, such as
the production of isocyanates, rubber processing chemicals, dyes
and pigments, agricultural chemicals and pharmaceuticals (Rappo-
port, 2007). Phenol (hydroxybenzene) and its derivatives are re-
leased from industrial effluents such as those from the coal tar,
gasoline, plastic, rubber proofing, disinfectant, pharmaceutical
and steel industries and domestic wastewaters, agricultural run-
off and chemical spills (Lin and Juang, 2009). However, for many
substituted anilines and phenols there are no ecotoxicity data avail-
able. Moreover, all the 58 selected anilines and phenols have been
pre-registered under REACH referring to European Union produc-
tion or import quantities of 1 tonne or more per year. According
to the European Chemical Substances Information System (ESIS,
http://ecb.jrc.ec.europa.eu/esis/) database most of these chemicals
have been used in quantities exceeding 10 tonnes per year.

2. Materials and methods
2.1. Chemicals

The 58 anilines and phenols chosen for this study were >95%
pure (52 chemicals >98% pure). The chemicals are characterized
in Table 1. For V. fischeri tests all stock-solutions were prepared
in MilliQ-water and for the algae in the algal test medium. No
co-solvents were used. If necessary, poorly soluble chemicals were
dissolved by shaking the solutions overnight. The solutions were

prepared in glass containers, sealed, stored in the dark at room
temperature and tested for toxicity within 1-2 weeks. Although al-
gal tests of phenols have been previously also performed in closed
conditions (e.g. Chen and Lin, 2006) the volatility of aqueous solu-
tions of our set of chemicals is not a concern in given conditions.
The boiling points of phenol and aniline are 182 and 184 °C respec-
tively, i.e. they evaporate at higher temperatures than water, the
substituted anilines and phenols are even less volatile.

2.2. 72-h algal growth inhibition assay with P. subcapitata

In general, the OECD 201 algal growth inhibition test protocol
(OECD, 2006) was followed. The algae were incubated in vials on
a transparent shaking table that allowed simultaneous incubation
of up to 136 samples. Algal biomass was measured by optical den-
sity at 682 nm directly from the incubation vials using a specially
made vial holder for the spectrophotometer (Jenway 6300, Jenway
Ltd., Essex, UK). This setting allowed to test 8-9 chemicals in one
run in this otherwise laborious assay. In compliance with the OECD
201 guideline exponentially growing algal cultures were exposed
to various concentrations of the test chemicals under controlled
conditions whereas the concentration of algal cells in the control
culture increased at least 16 times during 3 d. The algal biomass
measurements were performed at least daily. The P. subcapitata
stock culture for inoculation was taken from the commercial test
system Algal Toxkit F (MicroBioTests Inc., Nazareth, Belgium).
The number of the algal cells in the inoculum was determined by
counting under microscope in the Neubauer haemocytometer
and adjusted to yield 10 000 cells mL™! in the sample after inocu-
lation. The samples were incubated at 24 + 1 °C for 72 h in 20-mL
glass scintillation vials containing 9 mL of algal growth medium
described in OECD 201 (2006). The vials were illuminated from be-
low with Philips TL-D 38 W aquarelle fluorescent tubes. The pH of
the medium was adjusted to 8.0 and did not change more than 0.5
units by the end of the test. All assays were run twice, all samples
in duplicate with eight controls distributed evenly on the transpar-
ent table. A dilution series of aniline was included in all experi-
ments as a positive control. In order to reduce the variability
between the replicates the vials were single-use. The coefficient
of variation of biomass density in replicate control cultures
throughout the experiments did not exceed 5%. Each chemical
was tested in either 6 or 7 concentrations, depending on previously
available toxicity data from literature or preliminary experiments.

2.3. Acute bioluminescence inhibition assay with V. fischeri

The test (exposure time 30-s, 15-min and 30-min) was
performed at room temperature (20 °C) in 96-well microplates
following the Flash-assay protocol (ISO, 2010). The exact procedure
is described in Mortimer et al. (2008) except the inhibition of
bacterial bioluminescence was calculated as percentage of the
unaffected control (2% NaCl). Reconstituted V. fischeri Reagent
(Aboatox, Turku, Finland) was used for testing.

Chemicals and their dilutions were tested in 2% NaCl, at pH 6-7.
Each chemical was tested in three different days, in 5-7 dilutions
each in two replicates. The coefficient of variation of EC50 values
obtained in different days did not exceed 20%. The luminescence
was recorded with Microplate Luminometer Orion II (Berthold
Detection Systems, Pforzheim, Germany), controlled by Simplicity
Version 4.2 Software. Samples were not mixed during recording
of the luminescence.

2.4. Statistical methods

The toxicity values (EC50) and their confidence intervals were
determined from dose-response curves by the REGTOX software
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Table 1
Characteristics of the studied chemicals.
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No. Chemical Abbreviation  CAS no Provider Purity (%)  Molecular weight  Hydrophobicity (logKow)?  Solubility (mg L~!)?
1 Aniline A 62-53-3 Sigma-Aldrich >99.5 93.1 0.90 36 000
2 2-chloroaniline 2-CA 95-51-2 Sigma-Aldrich >99.5 127.6 1.90 8160
3 3-chloroaniline 3-CA 108-42-9 Sigma-Aldrich 99 127.6 1.88 5400
4 4-chloroaniline 4-CA 106-47-8 Sigma-Aldrich 98 127.6 1.83 3900
5 2,3-dichloroaniline 2,3-DCA 608-27-5 Sigma-Aldrich 99 162.0 2.82 262°
6 2,4-dichloroaniline 2,4-DCA 554-00-7 Sigma-Aldrich 99 162.0 2.78 620
7 2,5-dichloroaniline 2,5-DCA 95-82-9 Sigma-Aldrich 929 162.0 2.75 230°
8 2,6-dichloroaniline 2,6-DCA 608-31-1 Sigma-Aldrich 98 162.0 2.76 295°
9 3,4-dichloroaniline 3,4-DCA 95-76-1 Sigma-Aldrich 98 162.0 2.69 92

10 3,5-dichloroaniline 3,5-DCA 626-43-7 Acros-Organics 98 162.0 2.90 784

11 2,3,4-trichloroaniline 2,3,4-TCA 634-67-3 TCI Europe >98 196.5 3.33 65°

12 2,4,5-trichloroaniline 2,4,5-TCA 636-30-6 Sigma-Aldrich 95 196.5 3.45 520

13 2,4,6-trichloroaniline 2,4,6-TCA 634-93-5 Sigma-Aldrich >98 196.5 3.52 40

14 3,4,5-trichloroaniline 3,4,5-TCA 634-91-3 Sigma-Aldrich 97 196.5 3.32 67°

15 2-methylaniline 2-MA 95-53-4 Fluka >99.5 107.2 1.32 16 600

16 3-methylaniline 3-MA 108-44-1 Fluka =99 107.2 1.40 15000

17 4-methylaniline 4-MA 106-49-0 Fluka >98 107.2 1.39 6500

18 2,3-dimethylaniline 2,3-DMA 87-59-2 Sigma-Aldrich 99 121.2 2.17° 5050°

19 2,4-dimethylaniline 2,4-DMA 95-68-1 Fluka >908 121.2 1.68 6070°

20 2,5-dimethylaniline 2,5-DMA 95-78-3 Sigma-Aldrich 99 121.2 1.83 5600

21 2,6-dimethylaniline 2,6-DMA 87-62-7 Fluka >98 121.2 1.84 8240

22 3,4-dimethylaniline 3,4-DMA 95-64-7 Fluka >98 121.2 1.84 3800

23 3,5-dimethylaniline 3,5-DMA 108-69-0 Fluka =97 121.2 2.17° 2050°

24 2,4,6-trimethylaniline  2,4,6-TMA 88-05-1 Sigma-Aldrich 98 135.2 2.72° 617°

25 2-ethylaniline 2-EA 578-54-1 Sigma-Aldrich 98 121.2 1.74 5320

26  3-ethylaniline 3-EA 587-02-0 Sigma-Aldrich 98 121.2 2.11° 2320°

27 4-ethylaniline 4-EA 589-16-2 Fluka >98 121.2 1.96 2110°

28 2,6-diethylaniline 2,6-DEA 579-66-8 Sigma-Aldrich 98 149.2 3.15° 670

29 Phenol P 108-95-2 Merck >95 94.1 1.46 82 800

30 2-chlorophenol 2-CP 95-57-8 Sigma-Aldrich >99 128.6 2.15 11300

31 3-chlorophenol 3-CP 108-43-0 Sigma-Aldrich 98 128.6 2.50 26 000

32 4-chlorophenol 4-CP 106-48-9 Sigma-Aldrich ~ >99 128.6 2.39 24000

33 2,3-dichlorophenol 2,3-DCP 576-24-9 Sigma-Aldrich 98 163.0 2.84 3600

34 2,4-dichlorophenol 2,4-DCP 120-83-2 Sigma-Aldrich 929 163.0 3.06 4500

35 2,5-dichlorophenol 2,5-DCP 583-78-8 Sigma-Aldrich ~ 99.7 163.0 3.06 2000

36 2,6-dichlorophenol 2,6-DCP 87-65-0 Sigma-Aldrich 99 163.0 2.75 1900

37 3,4-dichlorophenol 3,4-DCP 95-77-2 Sigma-Aldrich 929 163.0 3.33 9260

38 3,5-dichlorophenol 3,5-DCP 591-35-5 Sigma-Aldrich 97 163.0 3.62 5380

39 2,3,4-trichlorophenol 2,3,4-TCP 15950-66-0  Sigma-Aldrich 99 197.4 3.80 98P

40 2,3,5-trichlorophenol 2,3,5-TCP 933-78-8 Sigma-Aldrich ~ 99.2 197.4 3.84 90P

41 2,3,6-trichlorophenol 2,3,6-TCP 933-75-5 Sigma-Aldrich 99.6 1974 3.77 450

42 2,4,5-trichlorophenol 2,4,5-TCP 95-95-4 Sigma-Aldrich ~ 99.6 197.4 3.72 1200

43 2,4,6-trichlorophenol 2,4,6-TCP 88-06-2 Sigma-Aldrich 98 197.4 3.69 800

44 2-methylphenol 2-MP 95-48-7 Merck >99 108.1 1.95 25900

45 3-methylphenol 3-MP 108-39-4 Merck >99 108.1 1.96 22 700

46 4-methylphenol 4-MP 106-44-5 Merck >98 108.1 1.94 21500

47 2,3-dimethylphenol 2,3-DMP 526-75-0 Fluka >99 122.2 2.48 4570

48 2,4-dimethylphenol 2,4-DMP 105-67-9 Fluka >97 122.2 2.30 7870

49 2,5-dimethylphenol 2,5-DMP 95-87-4 Sigma-Aldrich >99 122.2 233 3540

50 2,6-dimethylphenol 2,6-DMP 576-26-1 Sigma-Aldrich ~ >99 1222 2.36 6050

51 3,4-dimethylphenol 3,4-DMP 95-65-8 Fluka >98 122.2 2.23 4760

52 3,5-dimethylphenol 3,5-DMP 108-68-9 Sigma-Aldrich =99 122.2 235 4880

53 2,3,5-trimethylphenol  2,3,5-TMP 697-82-5 Sigma-Aldrich 99 136.2 3.15° 762

54 2,3,6-trimethylphenol  2,3,6-TMP 2416-94-6 Sigma-Aldrich 95 136.2 2.67 1580

55 2,4,6-trimethylphenol  2,4,6-TMP 527-60-6 Sigma-Aldrich 97 136.2 2.73 1200

56 2-ethylphenol 2-EP 90-00-6 Sigma-Aldrich 99 122.2 247 5340

57 3-ethylphenol 3-EP 620-17-7 Sigma-Aldrich ~ 98.9 122.2 2.40 11300°

58 4-ethylphenol 4-EP 123-07-9 Sigma-Aldrich 929 122.2 2.58 4900

¢ Data from the SRC PhysProp Database (http://www.srcinc.com/what-we-do/databaseforms.aspx?id=386).

b Calculated values.

for Microsoft Excel (Vindimian, 2009) using the Log-normal model.
Prism 5 (GraphPad Software Inc. www.graphpad.com) was used for
calculations of algal growth rate and statistical significance of cor-
relations. In order to evaluate the fit of QSAR predictions to exper-
imental data, a method suggested by Golbraikh and Tropsha (2002)
was used. When observed values are compared to predicted values
not only linear correlation but also an exact fit is required and the
linear regression should thus have a zero intercept (an intercept
other than zero would mean the prediction needs adjustment
and is therefore less accurate). The following parameters were

calculated: linear correlation coefficient R* between observed and
predicted values; correlation coefficients (R2) and slopes (K) of lin-
ear regressions when intercept was set to zero. In the latter case
the predicted versus observed and observed versus predicted corre-
lation coefficients and slopes are different and designated as R2, K
and R}, K' respectively. The prediction is considered acceptable
when (Golbraikh et al., 2003):

R*>06 1)
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Table 2
Toxicity (EC50, mg L~') of 58 substituted anilines and phenols to Pseudokirchneriella subcapitata and Vibrio fischeri.
No. Chemical® P. subcapitata V. fischeri
72-h EC50° (mg L") 95% confidence Interval 15-min EC50° (mg L") 95% confidence Interval
1 A 54.2 49.5 59.4 491 462 533
2 2-CA 39.1 36.6 43.5 42.8 39.0 471
3 3-CA 26.9 26.1 27.5 64.3 62.9 68.9
4 4-CA 3.55 2.31 5.50 15.5 15.2 17.3
5 2,3-DCA 6.75 5.22 7.22 14.2 14.0 14.8
6 2,4-DCA 3.96 3.32 427 16.6 16.1 17.5
7 2,5-DCA 16.5 11.7 25.2 16.7 154 18.3
8 2,6-DCA 23.2 225 26.6 13.0 12.6 13.8
9 3,4-DCA 2.50 1.97 2.99 4.28 4.23 4.71
10 3,5-DCA 4.39 3.71 5.17 35.8 343 37.8
11 2,3,4-TCA 3.55 3.16 3.98 10.5 9.25 12.2
12 2,4,5-TCA 3.14 1.88 5.65 7.92 7.14 8.87
13 2,4,6-TCA 494 4.74 5.57 >15 - -
14 3,4,5-TCA 143 1.03 1.81 11.7 113 12.1
15 2-MA 109 99.6 113 187 179 201
16 3-MA 26.9 21.8 31.9 91.1 88.3 94.4
17 4-MA 42.7 28.8 50.3 41.6 40.3 47.2
18 2,3-DMA 30.8 16.8 35.2 117 104 133
19 2,4-DMA 394 34.7 46.3 77.7 72.4 88.0
20 2,5-DMA 70.6 66.7 78.5 66.8 66.1 72.1
21 2,6-DMA 107 105 109 77.8 73.9 84.0
22 3,4-DMA 7.34 535 10.1 6.98 6.62 7.66
23 3,5-DMA 27.8 26.1 28.8 71.8 62.9 854
24 2,4,6-TMA 203 19.3 251 89.8 87.7 94.7
25 2-EA 49.2 43.2 523 57.4 56.1 59.9
26 3-EA 14.2 109 17.9 414 40.7 44.0
27 4-EA 8.82 5.28 111 1.48 135 1.65
28 2,6-DEA 41.5 37.7 44.5 5.53 4.99 6.23
29 P 197 172 209 165 153 185
30 2-CP 51.8 42.8 66.2 69.5 62.8 77.0
31 3-CP 115 109 13.0 323 295 34.7
32 4-CP 314 293 335 9.71 9.08 10.6
33 2,3-DCP 10.9 10.1 115 134 125 13.6
34 2,4-DCP 8.13 2.00 15.8 7.14 6.51 7.50
35 2,5-DCP 3.68 2.37 5.21 10.3 9.54 10.7
36 2,6-DCP 16.1 10.7 18.1 16.5 15.3 173
37 3,4-DCP 2.19 1.85 2.50 3.60 3.27 3.87
38 3,5-DCP 2.10 1.86 2.82 2.66 2.60 2.70
39 2,3,4-TCP 4.16 3.66 4.69 0.90 0.85 0.91
40 2,3,5-TCP 2.26 1.99 2.67 0.37 0.35 0.38
41 2,3,6-TCP 8.05 7.46 10.2 3.30 3.07 3.41
42 2,4,5-TCP 7.57 5.93 7.99 0.56 0.53 0.57
43 2,4,6-TCP 5.64 4.87 7.02 3.61 3.38 3.72
44 2-MP 127 122 130 38.7 35.6 42.6
45 3-MP 145 141 150 36.1 34.8 39.9
46 4-MP 57.6 45.8 72.6 473 4.56 5.06
47 2,3-DMP 48.1 41.7 56.2 11.0 9.84 12.43
48 2,4-DMP 193 113 254 491 4.77 5.12
49 2,5-DMP 325 28.8 37.1 275 26.8 30.1
50 2,6-DMP 41.6 34.0 43.9 54.5 49.2 60.7
51 3,4-DMP 32.0 244 42.0 3.12 3.02 3.27
52 3,5-DMP 27.2 26.0 293 421 41.3 443
53 2,3,5-TMP 13.5 133 15.0 20.8 19.9 23.0
54 2,3,6-TMP 14.2 13.2 15.8 17.1 16.5 17.4
55 2,4,6-TMP 9.64 8.60 111 35.6 35.2 36.6
56 2-EP 314 30.5 33.9 39.7 36.1 433
57 3-EP 40.3 35.1 441 6.97 6.46 7.60
58 4-EP 21.9 19.1 283 0.43 0.40 0.48

¢ Abbreviations are explained in Table 1.

b The presented toxicity values are based on nominal initial exposure concentrations in a static test.

2 2
% < 0.1 and 0.85 <K < 1.15
or
RZ R/Z

% <0.1and 0.85 <K <1.15

and
IRy — Ry < 0.3

2.5. Previously published toxicity data

In order to compare the experimental data to previously exist-
ing toxicity data for the studied anilines and phenols relevant val-
ues were obtained from the US EPA ECOTOX (http://cfpub.epa.gov/
ecotox/) database and from published papers. US EPA ECOTOX
database search for algal toxicity data was performed in December
2010 using the Advanced Database Query and results (LC50, LD50,
EC50, ED50, IC50, ID50) were downloaded as a Microsoft Excel
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Fig. 1. Variation of Chlorophyta toxicity data EC50 (mg L™!) (exposure time 1-4 d, median values) from US EPA ECOTOX database and published papers (see Table S1) on a
boxplot. Experimental toxicity data from this study for Pseudokirchneriella subcapitata from Table 2 are shown as filled symbols. Abbreviations of the chemical names are
explained in Table 1.
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spreadsheet. Literature search of published toxicity data was car- not present in the US EPA ECOTOX database were collected from
ried out using Google Scholar, Science Direct and ISI Web of Knowl- the literature (Table S1). The published data on V. fischeri lumines-
edge. Additional toxicity data on algae and bacteria, which were cence inhibition assay were mainly obtained from the book
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“Ecotoxicity of Chemicals to Photobacterium phosphoreum” by
Kaiser and Devillers (1994).

3. Results and discussion
3.1. Experimental toxicity data

Experimentally determined EC50 values of P. subcapitata 72-h
growth inhibition, as well as V. fischeri 15-min luminescence inhi-
bition for the 28 anilines and 30 phenols are listed in Table 2. The
algal EC50 values (mgL™!) ranged from 1.43 (3,4,5-TCA) to 197
(phenol) and bacterial EC50 values from 0.37 (2,3,5-TCP) to 491
(aniline). Thus, the toxicities to algae spanned two orders of mag-
nitude and to bacteria three orders of magnitude. The toxicity of
the studied compounds was dependent on the type (chloro-,
methyl-, ethyl-), number (mono-, di-, tri-) and position (ortho-,
meta-, para-) of the substituents. The chloro-substituted molecules
were generally more toxic than alkyl-substituted ones. Among
mono-substituted substances the substituent in the para-position
tended to increase toxicity whereas most of the ortho-substituted
congeners were the least toxic. Similarly, the para-substituent
tended to increase the toxicity of di-substituted molecules, espe-
cially when combined with the meta-substituent (i.e., 3,4-disubsti-
tuted). As a rule, the higher the number of substituents the higher
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the hydrophobicity and toxicity (Fig. 3). There were also assay-
dependent tendencies: phenols were more toxic than anilines in
the V. fischeri bioluminescence inhibition assay but not in the algal
growth inhibition assay.

3.2. Experimental versus published data

Concerning published toxicity data on algae (see Section 2.5, Ta-
ble S3) there were only 19 values for 10 compounds with strictly
the same test conditions available, i.e. for the P. subcapitata 72 h
growth inhibition test. When other exposure durations between
1 and 4 d were included, 118 data points for 31 substances were
found. When all Chlorophyta 1-4d toxicity data were included,
altogether 228 data points for 38 substances were obtained (as de-
fined in the ECOTOX database, the Chlorophyta included Pseud-
okirchneriella, ~Chlamydomonas, Chlorella, Scenedesmus and
Chlorococcales). The variability of these Chlorophyta data are illus-
trated in Fig. 1. The presented toxicity values are based on nominal
initial exposure concentrations in a static test. There was wide var-
iation in the toxicity values reported for the same substances/spe-
cies in different publications, in some cases spanning several
orders of magnitude. However, the median values were generally
in reasonable agreement with our experimental values (filled sym-
bols in Fig. 1). Our experimental data are compared to median
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Fig. 3. Comparison of the experimental toxicity data with QSAR predictions. A and B - Pseudokirchneriella subcapitata (72-h EC50, mM), C and D - Vibrio fischeri (15-min EC50,
mM), filled symbols depict phenols and open symbols anilines, equations for the lines are presented in Table 3.



Table 3
logK,\ based linear regression equations compared to experimental toxicity data of the studied 58 anilines and phenols. See also Fig. 3.
Organism/test endpoint Chemical Equation Training  R? reported Predicted RS K Rg K Figure  Reference
class set size  for the model versus
observed R?
Algae, growth inhibition (EC50, mM)
Green algae (4d) Nonpolar narotics log (1/EC50) = 0.627 * logK,w — 0.569 51 0.60 - - - - - Fig. 3A°  ECOSAR (2009)
Chlorella vulgaris (5d) Nonpolar narotics log (1/EC50) = 0.954 * logK,w — 2.66 34 0.92 - - - - - Fig. 3A  Verhaar et al. (1995)
Pseudokirchneriella subcapitata (3-4d) Nonpolar narotics log (1/EC50) = 1.00 * logKow — 1.77 10 0.93 - - - - - Fig. 3A  Van Leeuwen et al. (1992)
Pseudokirchneriella subcapitata (3d) Anilines and phenols log (1/EC50) = 0.652 * logKow — 0.712 58 0.60 0.60 0.60 1.00 0.40 0.88 This study
Pseudokirchneriella subcapitata (3d) Anilines log (1/EC50) = 0.870 * logKow — 1.47 28 0.55 0.55 0.51 1.15 048 0.75 Fig. 3B This study
Pseudokirchneriella subcapitata (3d) Phenols log 1/EC50 = 0.617 * logK,w — 0.459 30 0.85 0.85 0.75 091 042 1.02 Fig. 3B This study
Green algae (4d) Anilines log (1/EC50) = 0.095 * logK, + 1.14 4 0.18 0.55 0.11 0.72 -99.91 1.05 Fig.3B ECOSAR (2009)
Green algae (4d) Phenols log (1/EC50) = 0.609 * logK,w, — 0.599 40 0.67 0.85 0.73 092 029 1.00 Fig. 3B ECOSAR (2009)
Algae Not reported EC50 Multicase model 476 n.r. 0.17 -0.03 065 -0.17 1.08 Danish (Q)SAR
Database
Bacteria, luminescence inhibition (EC50, mM)
Vibrio fischeri (15-min, 20 °C) Nonpolar narotics log (1/EC50) = 0.824 * logKow — 1.71 33 0.85 - - - - - Fig. 3C  Zhao et al. (1998)
Vibrio fischeri (5-min, 15 °C) Nonpolar narotics log (1/EC50) = 1.05 * logKow — 3.02 179 0.94 - - - - - Fig. 3C  Klopman and Stuart (2003)
Vibrio fischeri (15-min, 15 °C) Nonpolar narotics log (1/EC50) = 0.856 * logKoy, — 2.42 25 0.84 - - - - - Fig. 3C  Vighi et al. (2009)
Vibrio fischeri (15-min, 20 °C) Anilines and phenols log (1/EC50)=0.771 * logK,w — 0.996 57 0.56 0.56 0.56 1.00 0.34 0.84 Fig. 3D This study
Vibrio fischeri (15-min, 20 °C) Anilines log (1/EC50) = 0.619 * logK,w — 0.727 27 0.47 0.47 0.46 0.87 0.26 0.87 This study
Vibrio fischeri (15-min, 20 °C) Phenols log (1/EC50) = 0.848 * logK,w — 1.14 30 0.55 0.55 0.55 1.07 0.24 0.82 This study
Vibrio fischeri (15-min, 20 °C) Polar narcotics log (1/EC50) = 0.645 * logK,w — 0.48 10 0.84 0.56 0.51 0.87 -0.34 0.94 Fig.3D Zhao et al. (1998)
Vibrio fischeri (15-min, 15 °C) Polar narcotics log (1/EC50) = 0.497 * logK,w + 0.304 24 0.81 0.56 0.36 0.65 -4.01 1.18 Fig. 3D Vighi et al. (2009)

Notes:

R? - correlation coefficient of linear regression.

Ré - correlation coefficient of predicted versus observed linear regression when intercept is set to zero.
K - slope of predicted versus observed linear regression when intercept is set to zero.
R{)z - correlation coefficient of observed versus predicted linear regression when intercept is set to zero.
K' - slope of observed versus predicted linear regression when intercept is set to zero.

“~" - not relevant.
n.r. - not reported.
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values from the above-described datasets (i.e. for P. subcapitata and
Chlorophyta) in Fig. 2A and B. Expectedly, the data for the same
species correlated more closely with our experimental values
(log-log R*=0.71, n =31) compared to data for Chlorophyta (log-
log R? = 0.64, n = 38) but both correlations are significant (p < 0.01).

In the case of bacteria there were more toxicity data on anilines
and phenols available in the literature (Table S3): for the conven-
tional V. fischeri bioluminescence inhibition assay (Microtox) there
were 111 data points for 54 substances with 15-min exposure time
and 15 °C. Again, the median values of the published toxicity data
correlated well with our experimental EC50 values on V. fischeri
performed on 96-well microplates at 20°C (log-log R?=0.74,
n =54, p<0.01; Fig. 2C).

3.3. Experimental data compared to QSAR-predicted toxicities

A valid QSAR model should be based on and used for com-
pounds that act through a common or very similar mode of action
(Verhaar et al., 1996). The most common method to group chemi-
cals according to the mode of action is the Verhaar scheme that
distinguishes four classes based on structural features of the mol-
ecules: class 1 - inert chemicals or non-polar narcotics; class 2 -
less inert chemicals or polar narcotics; class 3 - reactive chemicals;
and class 4 - specifically acting chemicals (Verhaar et al., 1992).
The toxicity of the chemicals in classes 1 and 2 is known to be pro-
portional to hydrophobicity (octanol/water partitioning coefficient,
Kow). Using toxicity data for a number of species, the class 2 chem-
icals have been shown to be 5-10 times more toxic than class 1
chemicals with the same K, (Vaal et al., 1997). This increased tox-
icity is often called “excess toxicity” as compared to the “baseline
toxicity” of class 1 chemicals. All the 58 chosen chemicals belong
to Verhaar class 2. The logK,,, values of the 58 compounds vary
from 0.9 to 3.8 (Table 1), which is useful for logK,,, based QSAR
modeling as the quality of the model usually increases with
increasing logK,,, range (Dearden et al., 2009). As a next step in
the analysis, experimental data were compared to existing QSAR
predictions for algae and bacteria (Table 3, Fig. 3). The US EPA ECO-
logical Structure Activity Relationships (ECOSAR, http://www.epa.-
gov/oppt/newchems/tools/21ecosar.htm) software is a QSAR tool
that predicts the toxicity of industrial chemicals to aquatic organ-
isms such as fish, aquatic invertebrates and algae. The classification
of chemicals according to the ECOSAR is also included in the OECD
QSAR software. In EU, the European Chemicals Bureau and the
Danish EPA have jointly produced an internet-accessible version
of the Danish (Q)SAR Database which can be used to retrieve pre-
dictions of P. subcapitata toxicity. In addition, QSAR equations can
be found in the EU guidance documents (ECB, 2003; ECHA, 2008)
as well as in scientific papers.

3.3.1. Algae: models versus experimental data

In Fig. 3A the experimental algal toxicity data (Table 2) were
compared to three baseline QSARs (Van Leeuwen et al., 1992; Ver-
haar et al., 1995; ECOSAR, 2009). Note that the toxicity values are
in the form of log 1/ECso (mM). Theoretically all these three base-
lines describing the toxicity of class 1 chemicals should be similar
and the toxicity of our set of chemicals (class 2) should be 5-10
times higher. However, Fig. 3A shows that only the QSAR suggested
by Verhaar et al. (1995) and not the other two equations were in
agreement with this concept. In comparison to this lowest baseline
the toxicity of the anilines and phenols was up to 300-fold higher.
Interestingly, the QSAR by Verhaar is not based on P. subcapitata
but Chlorella vulgaris toxicity data (on 34 chemicals; n =34). The
other QSAR equations were built on toxicity data of P. subcapitata,
(n=10; Technical Guidance Document on Risk Assessment: TGD
ECB, 2003) or several species including P. subcapitata, (n=>51;
ECOSAR).

Concerning class 2 chemicals the TGD lacks an algal toxicity
QSAR for and the Danish (Q)SAR database does not contain detailed
information on the models, stating that it uses a Multicase model
based on a training set of 476 chemicals (ECB, 2005). Apparently,
this model uses other descriptors in addition to logK,, but still
failed to predict our experimental data (predicted versus observed
R?=0.166, see Table 3). Comparison of our experimental toxicity
data to the ECOSAR equations is shown in Fig. 3B. Note that ECO-
SAR provides different equations for anilines and phenols. While
neither of the QSARs was acceptable according to strict validation
criteria (see Section 2.4; Golbraikh et al., 2003) the observed toxic-
ity of phenols was much closer to the prediction (Fig 3B, Table 3).
The ECOSAR model for phenols is built on 40 chemicals whereas
the aniline equation is derived from just 4 data points and does
not correlate with hydrophobicity. Likewise, our own log 1/EC50
versus logK,,, regression line for phenols showed better fit than
the one for anilines or the whole set of chemicals (Fig. 3B, Table
3). This is a consequence of much wider variation in the aniline
data, with up to 30-fold difference in EC50 values for anilines with
the same hydrophobicity. Similar results were obtained by analyz-
ing the toxicity values for P. subcapitata by Chen et al. (2007). 17
chemicals that overlapped between the two studies, 12 anilines
and 5 phenols, were compared. Analogously to our data, there
was poor correlation between toxicity and logK,, of anilines
(R>=0.26, p>0.1) but a good correlation between the toxicity of
the phenols and logKg,, (R?=0.85, p < 0.03, data not shown).

3.3.2. Bacteria: models versus experimental data

Although toxicity of chemicals to bacteria is not taken into ac-
count in ecotoxicity assessment for regulatory purposes, a number
of QSARs for the toxicity of different chemical groups and mixtures
to V. fischeri can be found in the literature (Lessigiarska et al., 2005)
(Table S2). The V. fischeri experimental data (Table 2) were com-
pared to baseline equations as well as equations for polar narcotic
chemicals (Table 3, Fig. 3C and D). The experimental values (log 1/
EC50) were higher than all three baselines (Zhao et al., 1998; Klop-
man and Stuart, 2003; Vighi et al., 2009) and thus in accordance
with the concept of excess toxicity of class 2 chemicals. Still, the
toxicity of the tested anilines and phenols to V. fischeri was not well
explained by hydrophobicity as evidenced by the distribution of
values on Fig. 3C. Differently from algae, when the data for anilines
and phenols were studied separately the correlations did not im-
prove (Table 3). In addition, the comparison of our data with differ-
ent class 2 QSARs showed that the best fit was observed for the
equation based on toxicity data obtained at 20 °C (Zhao et al,,
1998). Also, our work on the toxicities of aniline and phenol to V.
fischeri at different temperatures has shown 2-fold decrease in tox-
icity at 20 °C compared to 15 °C in all incubation time-points (5, 15
and 30 min; unpublished data). This should be taken into account
when comparing V. fischeri toxicity data.

3.4. Classification based on environmental hazard

Classification and labeling involves an evaluation of the intrin-
sic hazard of a chemical and communication of that hazard via
the label. This evaluation must be made as set out in the new Clas-
sification, Labelling and Packaging Regulation (CLP; EC, 2008) for
any substance or mixture/preparation manufactured or imported
for the EU. Currently there are more than 7000 hazardous sub-
stances listed in the Annex VI to the CLP Regulation (previously An-
nex I to Directive 67/548/EEC; EC, 1967), however, the number of
hazardous chemicals used in EU market is much bigger. By January
3rd 2011, European Chemicals Agency, ECHA (http://echa.euro-
pa.eu/) had received 3114 835 notifications of 24 529 substances
for the Classification and Labeling Inventory. Comparing the classi-
fication and labeling of the selected 58 anilines and phenols it


http://www.epa.gov/oppt/newchems/tools/21ecosar.htm
http://www.epa.gov/oppt/newchems/tools/21ecosar.htm
http://echa.europa.eu/
http://echa.europa.eu/

1318 V. Aruoja et al. / Chemosphere 84 (2011) 1310-1320

Table 4
Classification of the studied chemicals.
No. Chemical® Production volume Classified under Classification according to Annex VI of Directive 67/548/EECY
. b s
according to ESIS Annex I of cilrectlve Algae® Bacteria ECOSAR, green algae® Danish (Q)SAR database
67/548/EEC . h
(multicase)
1 A HPV +(N) Harmful Not harmful Toxic Harmful
2 2-CA HPV - Harmful Harmful Toxic Harmful
3 3-CA LPV - Harmful Harmful Toxic Harmful
4 4-CA LPV +(N) Toxic Harmful Toxic Harmful
5 2,3-DCA # - Toxic Harmful Toxic Harmful
6 2,4-DCA LPV - Toxic Harmful Toxic Toxic
7 2,5-DCA LPV - Harmful Harmful Toxic Toxic
8 2,6-DCA LPV - Harmful Harmful Toxic Harmful
9 3,4-DCA HPV +(N) Toxic Toxic Toxic Toxic
10 3,5-DCA LPV — Toxic Harmful Toxic Harmful
11 2,3,4-TCA # - Toxic Harmful Toxic Toxic
12 2,4,5-TCA LPV — Toxic Toxic Toxic Very toxic
13 2,4,6-TCA # - Toxic Toxic Very toxic
14 3,4,5-TCA # - Toxic Harmful Toxic Toxic
15 2-MA HPV +(N) Not harmful Not harmful Toxic Harmful
16 3-MA HPV +(N) Harmful Harmful Toxic Harmful
17 4-MA HPV +(N) Harmful Harmful Toxic Harmful
18 2,3-DMA LPV - Harmful Not harmful Toxic Harmful
19 2,4-DMA HPV - Harmful Harmful Toxic Toxic
20 2,5-DMA LPV - Harmful Harmful Toxic Toxic
21 2,6-DMA HPV +(N) Not harmful Harmful Toxic Toxic
22 3,4-DMA LPV - Toxic Toxic Toxic Toxic
23 3,5-DMA LPV - Harmful Harmful Toxic Harmful
24 2,4,6-TMA # - Harmful Harmful Toxic Toxic
25 2-EA LPV — Harmful Harmful Toxic Harmful
26 3-EA # - Harmful Harmful Toxic Harmful
27 4-EA # - Toxic Toxic Toxic Harmful
28 2,6-DEA LPV + Harmful Toxic Toxic Toxic
29 P HPV + Not harmful Not harmful Harmful Harmful
30 2-CP HPV +(N) Harmful Harmful Harmful Harmful
31 3-CP # +(N) Harmful Harmful Harmful Very toxic
32 4-CP HPV +(N) Harmful Toxic Harmful Harmful
33 2,3-DCP LPV - Harmful Harmful Harmful Harmful
34 2,4-DCP HPV +(N) Toxic Toxic Toxic Toxic
35 2,5-DCP LPV - Toxic Harmful Toxic Toxic
36 2,6-DCP LPV - Harmful Harmful Harmful Toxic
37 3,4-DCP # - Toxic Toxic Toxic Toxic
38 3,5-DCP # - Toxic Toxic Toxic Harmful
39 2,3,4-TCP # — Toxic Very toxic Toxic Toxic
40 2,3,5-TCP # - Toxic Very toxic Toxic Toxic
41 2,3,6-TCP # — Toxic Toxic Toxic Very toxic
42 2,4,5-TCP # +(N) Toxic Very toxic Toxic Toxic
43 2,4,6-TCP HPV +(N) Toxic Toxic Toxic Toxic
44 2-MP HPV + Not harmful Harmful Harmful Harmful
45 3-MP HPV + Not harmful Harmful Harmful Toxic
46 4-MP HPV + Harmful Toxic Harmful Harmful
47 2,3-DMP # +(N) Harmful Harmful Harmful Harmful
48 2,4-DMP LPV +(N) Harmful Toxic Harmful Toxic
49 2,5-DMP LPV +(N) Harmful Harmful Harmful Toxic
50 2,6-DMP HPV +(N) Harmful Harmful Harmful Toxic
51 3,4-DMP # +(N) Harmful Toxic Harmful Toxic
52 3,5-DMP HPV + Harmful Harmful Harmful Harmful
53 2,3,5-TMP # - Harmful Harmful Toxic Harmful
54 2,3,6-TMP HPV — Harmful Harmful Harmful Very toxic
55 2,4,6-TMP # - Toxic Harmful Harmful Toxic
56 2-EP # - Harmful Harmful Harmful Harmful
57 3-EP # - Harmful Toxic Harmful Very toxic
58 4-EP LPV - Harmful Very toxic Harmful Harmful
Notes:

# - This substance has not been reported as an HPVC or LPVC.

+ (N) - substance is included in Annex I of directive 67/548/EEC and is classified as dangerous for the environment.
+ - substance is included in Annex I of directive 67/548/EEC, but is not classified as dangerous for the environment.
— substance is not included in Annex I of directive 67/548/EEC and does not have harmonised classification in EU.

2 Abbreviations are explained in Table 1.

b ESIS - European Chemical Substances Information System (http://ecb.jrc.ec.europa.eu/esis/); HPVC - High Production Volume Chemical, production or import volume in
EU exceeds 1000 tonnes per year per producer or importer; LPVC - Low Production Volume Chemical, production or import volumes in EU is between 10 tonnes and 1000
tonnes per year per producer or importer.

€ EC, 1967.

d Chemicals are categorized as: very toxic - L(E)C50 <1 mgL~', toxic - 1mgL ! <L(E)C50 < 10 mg L™, harmful - 10 mgL~' < L(E)C50 < 100 mg L~". In addition,
L(E)C50 > 100 mg L~ were designated as “not classified”.

¢ Experimentally determined toxicity to Pseudokirchneriella subcapitata, 72-h EC50.

f Experimentally determined toxicity to Vibrio fischeri, 15-min EC50.

& Predicted toxicity, calculated using ECOSAR QSAR models of anilines and phenols for green algae, 96-h EC50.

" http://130.226.165.14/User_Manual_Danish_Database.pdf (ECB, 2005).
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appeared that 34 of them had not been evaluated on the EU-level
under previous legislation and 18 were classified as dangerous to
the environment (symbol of danger “N”; Table 4). The list contains
19 high and 19 low production volume chemicals (HPVC and LPVC)
for which there was no harmonized classification. This means that
the information on environmental and health properties has to be
obtained. However, available aquatic toxicity data on algae, daph-
nids and fish were far from complete, especially data obtained with
standard test protocols. Notably, algae were the least represented
group, with EC50 values available for only 10 substances, for daph-
nia and fish respectively 36 and 40 chemicals were covered. In the
case of V. fischeri almost a complete set of toxicity data for the se-
lected chemicals was available (112 EC50 values for 55 chemicals)
(Table S3).

As QSARs are proposed for the hazard classification of chemi-
cals, the 58 studied chemicals were classified using the ECOSAR
and the Danish (Q)SAR database. The result of this analysis is pre-
sented in Table 4. The ECOSAR classified all anilines as toxic in dis-
agreement with classification based on our experimental data on
algae. In case of phenols, ECOSAR classified all 30 phenols as harm-
ful or toxic, in 25 cases matching the classification based on our al-
gal data. The results according to the Danish (Q)SAR database were
equally inaccurate for both anilines and phenols, predicting the
hazard class in roughly half of the cases (Table 4).

As mentioned, the toxicity of chemicals to bacteria is not taken
into account in ecotoxicity assessment for regulatory purposes.
However, comparison of the toxicity data for bacteria and algae
(Fig. S1) shows that the EC50 values for the majority of the tested
compounds for both organisms were between 1 and 100 mg L.
According to EU classification criteria described in Annex VI of
Directive 67/548/EEC (EC, 1991), these chemicals could be consid-
ered “harmful” (10-100 mg L™!) or “toxic” (1-10 mg L™'; Table 4).
Four compounds would be classified as “very toxic” (<1 mgL™!)
only based on bacterial data. The classification would overlap for
59% of substances (for 34 out of the 58 tested substances). This
suggests that V. fischeri toxicity data may be useful for environ-
mental toxicity screening. The outlook of replacing some of the
time-consuming and expensive toxicity testing with the rapid bac-
terial bioluminescence assay is worth further consideration. In
addition, the need to include bacterial data in the ecotoxicological
risk assessment has been highlighted by Vighi et al. (2009), who
have showed similarities between the QSAR models for V. fischeri
with those for fish, algae and Daphnia.

4. Conclusions and outlook

Often the limiting factor in the development of QSARs is the
availability of high quality toxicity data for congeneric chemicals,
preferably measured in a single laboratory and using standardized
test protocols. Probably the best homogenous toxicity dataset,
extensively used for QSARs modeling, contains Tetrahymena pyri-
formis growth inhibition data for 2400 industrial organic com-
pounds (Dimitrov et al., 2003). Indeed, bibliometric analysis
(Table S2) shows that currently most of the QSARs have been con-
structed using toxicity data on fish and protozoa Tetrahymena, fol-
lowed by Daphnia and the bacterium V. fischeri. Remarkably less
QSARs have been developed on algal data. Thus the number of
available QSARs is in correlation with the amount of experimental
data available and not with the regulatory need.

In this paper a set of homogenous experimental toxicity data
was generated for 58 substituted anilines and phenols using algae
P. subcapitata and bacteria V. fischeri. For the 15 HPVC and 17 LPVC
in our experimental set, the toxicity data obtained using the OECD
201 algal growth inhibition test were published for the first time.
Only five of the tested 58 chemicals showed inhibitory effect to al-

gae at concentrations >100 mg L', i.e. could be classified as “not
harmful”, 32 chemicals as “harmful” (10-100 mgL™') and 21 as
“toxic” (1-10 mg L~'). Comparison of the experimental toxicity
data with the predictions made using the existing QSAR models
suggests that the toxicity of phenols to algae may be modeled with
a simple hydrophobicity-based equation. Aniline toxicity to algae
as well as toxicity of both anilines and phenols to V. fischeri de-
pended on other characteristics in addition to 1ogKyy.
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