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KEEMIA JA KEEMIATEHNIKA G29

Alternatiivsed lähenemisviisid
in vivo meetoditele

(öko)toksikoloogilise teabe kogumisel
REACH-kemikaalide kohta
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health by regulating exposure to potentially harmful chemicals (Beck et al., 
2001). Regulatory toxicology encompasses the collection, processing and 
evaluation of epidemiological as well as experimental toxicology data to permit 
toxicologically based decisions on the protection of health against harmful 
effects of chemical substances. It deals also with concepts for risk assessment 
and management of substances with potentially toxic properties. Furthermore, 
regulatory toxicology supports the development of standard protocols and new 
testing methods in order to continuously improve the scientific basis for 
decision-making processes (Schwenk et al., 2002). Laws and regulations provide 
the framework for organized efforts to prevent toxic outcomes and to protect 
humans and the environment from hazardous effects of chemicals. Sanctions are 
necessary to prevent those without social conscience from deliberately exposing 
their fellow citizens to risks from toxic hazards. The development of the 
legislation requires a good interaction between and corresponding input from 
different stakeholders, e.g. scientists, society, private and public sector. 

1.4.1. Risk assessment as a central instrument in the control of chemicals 
under REACH Regulation 

'Human risk assessment' as a decision making instrument was introduced about 
thirty years ago and can be defined as the systematic scientific characterization 
of potential adverse health effects resulting from human exposures to hazardous 
agents or situations (NRC, 1983). 'Environmental risk assessment' is a wider 
term and covers the risk to the ecosystem, including humans, exposed or 
impacted via air, water and land (EHSC, 2008). 

Risk assessment is a central theme in chemical control under REACH, either 
explicitly or implicitly. It is conducted as a part of the chemical safety 
assessment (CSA) in accordance with Article 14 of REACH. CSA is required for 
all registered substances manufactured or imported in quantities of 10 tonnes or 
more per year. It is the main endpoint for data assessment under REACH in 
which hazard and exposure data are considered together to assess the risk of a 
substance. Overall process related to information requirements and chemical 
safety assessment under REACH is shown in Fig. 1.3. The CSA starts with the 
collection of all available physicochemical, environmental fate, toxicological 
and ecotoxicological information that is relevant and available. When as a result 
of the hazard assessment it is found that a substance meets the criteria for 
classification as hazardous, an exposure assessment (consists of the development 
of exposure scenarios and the related exposure estimation) is required. The 
iterative CSA process of hazard assessment, exposure assessment and risk 
characterization ends when the information requirements for intrinsic properties 
are fulfilled and risks are shown to be controlled for all exposures and all 
exposure scenarios. CSA is documented in a chemical safety report (CSR) and 
communicated to downstream users of the substance via safety data sheet (SDS) 
(ECHA, 2008a). 
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animals (van der Jagt et al., 2004). If no reduction measures are taken into 
account, testing under REACH would require about 4 150 test animals per one 
chemical, which is produced at above 1 000 tonnes per year, and about 20 
animals for each chemical produced at between 1 and 10 tonne per year 
(Schoeters, 2010). Thus, the replacement of animal tests with a modern, non-
animal testing strategy would lead to a number of improvements. This would 
both encourage innovation and benefit all stakeholders concerned with human 
safety, environmental protection, animal welfare and consumer confidence. The 
number of new substances and products entering our lives is growing, but the 
number of tools to assess their safety is practically not increasing (Hartung, 
2011). The EU Commission supports the idea of alternative testing methods, but 
the development and validation of these methods is a slow process (Spielmann 
and Liebsch, 2001; Schaafsma et al., 2009; Hartung, 2011), and many are 
unlikely to be in place in time for the implementation of REACH (Rovida and 
Hartung, 2009) or the 7th amendment of the Cosmetics Directive 76/768/EEC 
(Adler et al., 2011). However, more effort should be made by the EC to promote 
the use of alternative non-animal methods and more precise guidelines should be 
developed on how to implement these methods in the regulatory purposes (Balls 
and Clothier, 2010; Spielmann, 2010). Currently, the main emphasis in the 
development of alternative non-animal methods is on five toxicological areas, 
i.e. toxicokinetics, repeated dose toxicity, carcinogenicity, skin sensitisation, and 
reproductive toxicity, and on more extensive use of already developed 
alternative methods (van der Jagt et al., 2004; EC, 2010b). Regarding the 
alternative (non-animal) methods for cosmetics testing it was recently confirmed 
that it will take at least another 7–9 years for the replacement of the current in 
vivo animal tests used for skin sensitisation. For toxicokinetics the timeframe 
was 5–7 years to develop the models for predicting the lung absorption and 
renal/biliary excretion, and even longer to integrate the methods to fully replace 
the animal toxicokinetic models. For the systemic toxicological endpoints of 
repeated dose toxicity, carcinogenicity and reproductive toxicity, the time 
horizon for full replacement could not be estimated (Adler et al., 2011). Thus, 
for both economical and ethical reasons, there is a great demand for new non-
animal tests on these five endpoints. One of the most recent achievements are in 
the field of reproductive toxicity where improvements have been made in the 
Embryonic Stem cell Test (EST) to predict embryotoxicity in vitro (Seiler and 
Spielmann, 2011). 

Nevertheless, a number of successfully validated alternative tests have 
already been accepted and the harmonization of test guidelines at the 
international level has significantly reduced testing in animals (Spielmann, 2002; 
Worth and Balls, 2002). A comprehensive list of the current status of alternative 
tests in EU can be found on The European Centre for the Validation of 
Alternative Methods (ECVAM) website. They have established a comprehensive 
information system, the DataBase Service on ALternative Methods (DB-ALM, 
http://ecvam-dbalm.jrc.ec.europa.eu/)   that   provides   detailed   information  on 
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ecotoxicological test systems such as luminescent bacteria were used in MEIC 
project (Kahru and Borchardt, 1994). The results from the MEIC programme 
showed a good correlation (R2=0.7) between in vitro basal cytotoxicity data and 
human lethal blood concentrations (Ekwall, 1999). As a follow-up of the MEIC 
Programme, the FP6 ACuteTox project was launched with the overall aim to 
develop and pre-validate a simple and robust in vitro testing strategy for 
prediction of human acute systemic toxicity, which could replace the animal 
acute toxicity tests for regulatory purposes (Clemedson et al., 2007). While the 
number of reference chemicals in MEIC project was 50, in the course of the 
AcuteTox project 97 reference chemicals (50% of which were drugs and 30% 
industrial chemicals, 20% others) were tested in approximately 100 in vitro 
assays, including models for general acute cytotoxicity, metabolism-mediated 
toxicity, biokinetics, haemato-, immuno-, neuro-, nephro-, and hepatotoxicity. In 
parallel, human and animal in vivo (LD50) data for these substances were 
collected from published literature. The data generated in the project are stored 
in a novel internet-based database AcutoxBase (Kinsner-Ovaskainen et al., 
2009) developed within the project, and have been used to assess the 
intralaboratory variability, the preliminary predictive capacity and in some cases 
also the interlaboratory variability of each in vitro assay. An in depth statistical 
analysis of the large dataset generated in this project resulted in a list of 8 in 
vitro and in silico methods, which resulted to be the most promising for 
inclusion in the proposal of potential testing strategies. Protocols of all these 
methods will be available to the public as INVITTOX protocols, through the 
ECVAM database on alternative methods (DB-ALM). 

1.4.3.3. The use of existing toxicity data 

REACH Annexes VII – X state: 
“Before new tests are carried out ... all available in vitro data, in vivo data, 
historical human data, data from valid (Q)SARs and data from structurally 
related substances (read-across approach) shall be assessed first.” 

The existing (eco)toxicity data can be found in several easily accessible 
electronic databases. The ECOTOX database, created and maintained by the 
U.S. Environmental Protection Agency (EPA), is one of the most comprehensive 
collections of toxicity data for aquatic and terrestrial species. The IUCLID 
Chemical Data Sheets Information System provides data on High Production 
Volume Chemicals (HPVC) reported by the European industry. This EU HPVC 
list contains toxicological data on 2465 chemicals (Allanou et al., 1999). 
However, these and other relevant databases such as the International 
Programme on Chemical Safety (IPCS) INCHEM and TOXNET still represent 
only a small fraction of chemicals requiring toxicity assessment. Besides these 
there are many smaller and not so well-known databases which could also be 
useful for toxicological information retrieval. However, as the amount of 
information is rapidly increasing it is quite difficult to orientate and to find the 
necessary data. Furthermore,  for some of the old but useful data there  is limited  
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Figure 1.5. Number of proposals submitted to ECHA on testing using vertebrate 
animals, according to the 24 560 registration dossiers submitted by registrants from June 
1 until 28 February 2011. Based on data from ECHA, 2011b. 
 
In the context of this thesis it is of interest to discuss the use of alternatives to 
testing on animals by industry. For this purpose data from the ECHA`s latest 
report (ECHA, 2011b) regarding Endpoint Study Record (ESR) approach is 
used. It provides an overall picture on data availability and the relative 
proportions of the principal options used by registrants to fill the information 
requirements per toxicity endpoint. These options have been categorised as 
follows: 'testing proposals', 'experimental studies' (in vitro and in vivo studies are 
treated separately if applicable) and alternative methods such as 'read-across', 'to 
omit the study' (the submission of the required data by choosing the appropriate 
option from those available from 'data waiving', these options are to be used to 
indicate when testing does not appear to be: scientifically necessary; technically 
not possible; or not necessary based on low exposure considerations), 'weight of 
evidence' (covers various combinations of old experimental data, literature 
information and read-across possibilities and it is assumed that it does not 
contain new animal tests performed for the registered substance) and '(Q)SAR 
studies'. The above described options have been used for the graphical 
illustration of the findings of registration dossiers for phase-in substances at or 
above 1 000 tonnes per annum (Fig. 1.6). 
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The database is hosted by the Laboratory of Molecular Genetics (MGL), 
National Institute of Chemical Physics and Biophysics, Tallinn, Estonia. The 
MGL is in charge of data collection and editing, database maintenance and 
dissemination. The scientific leader of the MGL either acts as or nominates the 
administrator who grants user access. 

2.3. Congeneric set of 58 substituted anilines and phenols for the 
toxicological and QSAR analysis 

The analogous sets of substituted anilines and phenols (Fig. 2.2, Table 2.1), 
based on their industrial and commercial importance (sections 1.1, 3.2), were 
selected for the experimental toxicity testing. The 58 anilines and phenols 
studied for toxicity were ≥95% pure and purchased from Sigma-Aldrich 
(Schnelldorf, Germany), Acros Organics (Geel, Belgium), TCI Europe 
(Antwerp, Belgium), Merck (Schuchardt, Germany) and Fluka (Buchs, 
Switzerland) (Table 1 in paper IV). 
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Figure 2.2. General formula of the studied compounds. 
R stands for -Cl, -CH3 or -CH2-CH3, x is 1, 2 or 3.  
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V. fischeri reagent (Aboatox, Turku, Finland; papers III, IV). The kinetic 
luminescent bacteria test using the bacterium V. fischeri (acute test, exposure 
times of 30 s, 15 and 30 min) was performed at room-temperature (~ 20° C) in 
96-well polypropylene white microplates (Greiner Bio-One, Frickenhausen, 
Germany) using the modified Flash Assay protocol (ISO, 2010). Briefly, 100 μl 
of test solution in 2% NaCl was pipetted into each well, which was 
supplemented with 100 μl of bacterial suspension by automatic dispensing in the 
Microplate Luminometer Orion II (Berthold Detection Systems, Pforzheim, 
Germany; Fig. 2.3) testing chamber. The luminescence was recorded during the 
first 30 seconds (Fig. 2.3) after the dispensing of the bacterial suspension in each 
well, after 15- and 30-minute incubation the light output was recorded again. All 
the chemicals were tested on three different days, in 5-7 dilutions for each 
chemical, each dilution in two replicates. Eight controls, both negative (2% 
NaCl) as well as positive (3,5-dichlorophenol) control were always included in 
each run. The inhibition of bacterial bioluminescence by the tested compounds 
was calculated as a percentage of the unaffected control (2% NaCl) at 30 s, 
15 min and 30 min. 
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Figure 2.3. Microplate luminometer Orion II (left panel) and the kinetic dose-effect 
curves of luminescence of Vibrio fischeri exposed during 30 seconds to different 
concentrations of 2-chloroaniline (right panel). RLU – relative light units; control – 2% 
NaCl. 
 
Inhibition of the luminescence (INH%) of Vibrio fischeri by a certain 
concentration/dilution of chemical was calculated as follows: 








 ∗−=
t

t

IC
ITINH 100

100%       (1) 

where 

tIT  – luminescence of bacteria exposed to certain concentration of 

chemicals after certain time of exposure (t=30 s, 15 min, 30 min); 

tIC  – luminescence of bacteria in the control solution (2% NaCl) after 

certain time of incubation (t=30 s, 15 min, 30 min). 
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Main journals and proceedings containing toxicological data published in the 
Russian language are: 

1. Mammalian toxicity data: 
• 'Industrial Hygiene and Occupational Diseases'1 (Gigiena Truda i 

Professional’nye Zabolevaniia, Гигиена труда и профессиональные 
заболевания). Published during the period 1957 – 1992. 

• 'Hygiene and Sanitary'1 (Gigiena i Sanitariia, Гигиена и санитария). 
Published since 1936 till present. 

• 'Pharmacology and Toxicology' (Farmakologiia i Toksikologiia, 
Фармакология и токсикология). Published during the period                
1939 – 1991. 

2. Ecotoxicity data: 
• 'Hydrobiological Journal' (Гидробиологический журнал). Published 

since 1965 till present. 
• 'Inland Water Biology' (Биология внутренних вод). Published since 

1995 till present. 
• Annual proceedings of Latvian Institute of Biology 'Experimental Water 

Toxicology'1 («Экспериментальная водная токсикология»: сборник 
статей/Академия наук Латвийской ССР; Инститнт биологии Рига). 
Published during 1970-1991. 

 
The bibliometric analysis in PubMed showed that from the scientific journals 
published during the Soviet Union era the journal 'Industrial Hygiene and 
Occupational Diseases' (Gigiena Truda i Professional’nye Zabolevaniia) 
(Fig. 3.3) was the most representative for the toxicological studies (Table 3 in 
paper I). Therefore, this journal was selected as a starting point in the collection 
of the toxicity data and currently it is the main information source in the              
E-SovTox database. 
 

 
Figure 3.3. Cover of the scientific journal Industrial Hygiene and Occupational Diseases 
(Gigiena Truda i Professional’nye Zabolevaniia). 
 

                                                      
1 Free translation 
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Table 3.2. Comparison of the toxicity data for 17 anilines and phenols: Russian 
toxicity data from E-SovTox database versus data from the selected European 
and American databases. Abbreviations for chemical names are explained in 
Table 2.1 (section 2.3.) 

  Toxicity data (LD50 or LC50, mg/kg or mg/m3) 

Chemical 
Test organism 
(administration 

route) 
E-SovTox 

TOXNET 
(Russian toxicity 

data are excluded)
IUCLID Merck Index 

Aniline rats (oral) 550 (470-680) 250 200-2000 440 
    572  
 mice (oral) 690 (650-870) n.d. n.d. n.d. 
  464 (375-576)    
 cats (dermal) 254 (166-342)   100* n.d. n.d. 
2-CA mice (oral) 256 (188-348) n.d. 256 n.d. 
 cats (dermal) 222 (142-302)   310* 222 n.d. 
3-CA rats (females) (oral) 1034 n.d. n.d. n.d. 
 rats (male) (oral) 880 n.d. n.d. n.d. 
 mice (oral) 334 (269-414) n.d. n.d. n.d. 
  1100     
 cats (dermal) 223 (169-277)   125* n.d. n.d. 
 guinea pigs (oral) 750 n.d. n.d. n.d. 
4-CA rats (females) (oral) 370 n.d. n.d. 310 
 rats (male) (oral) 300 n.d. n.d. n.d. 
 mice (oral) 228 (198-262) 100  n.d. n.d. 
  400    
 cats (dermal) 239 (167-311)   125* n.d. n.d. 
 guinea pigs (oral) 350 n.d. n.d. n.d. 
2,5-DCA rats (oral) 3000 1600 n.d. n.d. 
 mice (oral) 2500 1600 n.d. n.d. 
 guinea pigs (oral) 3750 n.d. n.d. n.d. 
 rabbits (oral) 3750 n.d. n.d. n.d. 
3,4-DCA rats (oral) 700 545 570 n.d. 
    530  
    880  
    648  
    545  
    570  
 mice (oral) 1000 n.d. 740 n.d. 
  740 (587-933)  470  
    510  
 cats (dermal) 700 (590-810) n.d. 700 n.d. 
 guinea pigs (oral) 675 n.d. 675 n.d. 
 rabbits (oral) 675 n.d. 675 n.d. 
2,4,6-TMA mice (oral) 516 n.d. n.d. n.d. 
 mammal (species 

not specified) (oral)
372     506** n.d. n.d. 

Phenol mice (oral) 436 (311-610) n.d. 282 n.d. 
    300  
4-CP rats (oral) 625 670 670 670 
    500  
 mice (oral) 605 n.d. 1373-1422 n.d. 
   (Continued on the next page) 
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  Toxicity data (LD50 or LC50, mg/kg or mg/m3) 

Chemical 
Test organism 
(administration 

route) 
E-SovTox 

TOXNET 
(Russian toxicity 

data are excluded)
IUCLID Merck Index 

2-MP rat (oral) 1470 121 121 1350 
    1350  
    1470  
    360  
 mice (oral) 344 (270-436) n.d. 344 n.d. 
 mice (inhalation) 179 n.d. 178 n.d. 
    179  
 rats (dermal) 620 (370-1110)     65* 1000 n.d. 
    620  
3-MP rats (oral) 2010 (1240-3200) 242 242 2020 
    2020  
    2010  
    520  
    1454  
 mice (oral) 828 (695-985) n.d. 828 n.d. 
  600***  561  
    861  
 rats (dermal) 1100 (800-1400)   900* 1100 n.d. 
4-MP rats (oral) 1460 (1260-1670) 207 1800 1800 
  1400  207  
    1460  
 mice (oral) 344 (266-443)       160*** 344 n.d. 
  440***    
 rats (dermal) 750 (510-1100)   500* 750 n.d. 
2,4-DMP rats (oral) 3200 (2780-3680) n.d. n.d. n.d. 
 mice (oral) 809 (724-914) n.d. n.d. n.d. 
 rats (inhalation) > 30 n.d. n.d. n.d. 
 rats (dermal) 1040 (630-1716) n.d. n.d. n.d. 
2,5-DMP rats (oral) 444       730*** n.d. n.d. 
 mice (oral) 1140 (797-1530) 383 n.d. n.d. 
2,6-DMP rats (oral) 296 n.d. 296 n.d. 
  1750 (1420-2150)    
  406 (329-600)    
 mice (oral) 980 (823-1166) n.d. n.d. n.d. 
  450 (300-600)    
 rats (dermal) 2325 (1160-4650) n.d. n.d. n.d. 
 mice (dermal) 920 (575-1472) n.d. n.d. n.d. 
 mice 

(intraperitoneal) 
271 (206-356) 150 150 n.d. 

3,4-DMP rats (oral) 1620 n.d. n.d. n.d. 
  727    
 mice (oral) 948 (658-1365) 400 n.d. n.d. 
3,5-DMP rats (oral) 2250 (1600-3150) n.d. 3620 n.d. 
  1915  608  
  608  600-1000  
 mice (oral) 836 (773-906) 477 477 n.d. 
 rat (inhalation) > 4 n.d. n.d. n.d. 
Notes: n.d. - no data available; * LDLo (lowest published lethal dose, subcutaneous); ** rat LD50 value, 
administration route not reported; *** administration route not reported. 
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high-throughput Flash Assay format and to algae Pseudokirchneriella 
subcapitata using the growth inhibition test (OECD, 2011) (paper IV). The set 
of selected chemicals was a good representative group of structure analogues, 
which fits well also into a QSAR context. According to the tentative mechanism 
of action all chosen chemicals belong to Verhaar class 2 (Verhaar et al., 1992) 
i.e. causing polar narcosis. Narcosis (i.e. non-polar and polar narcosis) is the 
least specific and the least reactive mode of toxic action but it is still important 
in ecotoxicology since approximately 70% of all industrial organic chemicals are 
estimated to act via narcosis in the acute exposures (1–14 days) (Bradbury et al., 
2003). Narcotic effects are estimated by the ability of a compound to interact 
with cellular membranes. The toxic potency of these chemicals correlates 
strongly with their hydrophobicity and may be modelled using Kow as a 
descriptor (Veith et al., 1990; Verhaar et al., 1992). Bacteria V. fischeri have 
been extensively used in QSAR modelling (Cronin and Schultz, 1997). The algal 
growth inhibition test (OECD, 2011) is one of the regulatory tests in 
ecotoxicology but still there is a severe shortage of algal toxicity data for 
REACH-relevant chemicals (paper IV). Experimentally determined EC50 values 
derived from the V. fischeri 15-min luminescence inhibition test as well as from 
the P. subcapitata 72-h growth inhibition test for the 28 anilines and 30 phenols 
are presented in paper IV (Table 2). In case of bacteria there were toxicity data 
available in the literature for the majority of selected anilines and phenols. 
However, there was a broad variation in the toxicity values reported for the same 
substances in different publications (section 3.2.2.1) and this can quite often be 
the limiting factor in the development of QSARs. 

3.2.2. Vibrio fischeri luminescence inhibition assay for the analysis of the 
toxicity of chemicals 

For the majority of the chemicals (including anilines and phenols studied in the 
current thesis) the modified Flash Assay (kinetic bioluminescence inhibition 
test) is a very rapid and sensitive method to evaluate the toxicity of a chemical: 
if the chemical is toxic, the effect on bacterial bioluminescence is noticeable 
already in 30 seconds of exposure. For heavy metals, however, the toxic effect is 
not reached in seconds but in about 30 minutes (Mortimer et al., 2008). Flash 
Assay is a modification of the conventional photobacterial bioluminescence 
inhibition assay (Microtox) that can be performed also in microplate 
luminometers allowing high throughput format. In both assays the decrease of 
bacterial luminescence upon exposure to chemicals is dose-wise related to their 
toxic effects and results mostly from the damage to the bacterial membranes. 

3.2.2.1. Comparison of the Microtox and Flash Assay test formats 

In the Microtox assay the testing is performed in cuvettes. First the test bacteria 
are pipetted into the cuvette, the luminescence at time zero is measured and then 
the  test  chemical is added to the  cuvette containing  photobacterial suspension.  
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After certain exposure time (usually 15 or 30 minutes) the luminescence is 
measured again and compared with the luminescence at time zero. Differently 
from the Microtox test format, in the Flash Assay mode the photobacterial 
suspension is added to the test chemical solution and the kinetics of the 
bioluminescence is continuously followed during 30-seconds and then at certain 
time intervals, usually at 30 minutes and 60 minutes. We observed that the toxic 
effects of anilines and phenols analysed was evident already during first seconds 
of the exposure. Interestingly, the decrease of luminescence of bacteria 
compared to the control was most remarkable at time scale from zero to            
5-seconds and after that the bioluminescence started to increase (Fig. 3.5). during exposure to 3,5 dichloroaniline (20 oC)
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Figure 3.5. Kinetics of the bioluminescence of Vibrio fischeri during the exposure to 
different concentrations of 3,5-dichloroaniline (3,5-DCA) in the Flash Assay at 20 oC. 
The whole kinetic profile is shown for the first 30 seconds of the exposure and then for 
30 minutes (a single point value). 30-s EC50 = 15.1 mg/L and 30-min EC50 = 41.1 mg/L. 
RLU – relative light units; control – 2% NaCl 
 
Another technical aspect of bacterial bioluminescence inhibition assays run on 
microplate luminometer is that conventional Microtox test has to be performed 
at 15oC (optimal temperature for marine bacteria Vibrio fischeri) but this 
temperature is not compatible with the conventional plate luminometers. Thus, 
the assay was performed at 20oC. However, at 15oC the bacteria V. fischeri were 
more sensitive to the tested chemicals than at 20oC. Our study on the toxicities 
of anilines and phenols to V. fischeri at different temperatures showed 2-fold 
decrease in the toxicity at 20oC compared to 15oC in all incubation time-points 
(5, 15 and 30 min; data not shown). 

In order to compare the experimental data to previously existing data for the 
studied anilines and phenols (section 2.3) relevant values were collected from 
the literature (Table S1 in paper IV). For the conventional V. fischeri 
bioluminescence inhibition assay (Microtox) there were data for 54 substances 
with 15-min exposure time at 15oC (Table S3 in paper IV). However, the EC50 
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values available in the literature for V. fischeri varied considerably (up to 40 
times), which is illustrated in Fig. 3.6. 
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Figure 3.6. Variation of V. fischeri toxicity data, EC50 (mg/L), for 32 anilines and 
phenols (exposure time 15 and 30 min, 15oC, median values) from literature (Kaiser and 
Devillers, 1994; Rozkov et al., 1999; Kahru, et al., 2000; Osano et al., 2001) on a 
boxplot (numbers in brackets are the toxicity data available for a respective chemical). 
Note the logarithmic y-scale. Abbreviations for chemical names are explained in           
Table 2.1 (section 2.3). 
 
Despite of high variability the median values of the published toxicity data from 
the conventional V. fischeri bioluminescence inhibition assay (Microtox, 15oC) 
correlated well with our experimental EC50 values from the Flash Assay at 20oC 
(log–log R2 = 0.74, n = 54, p < 0.01 (Fig. 2C in paper VI). 

3.2.2.2. Toxicity of the 58 anilines and phenols analysed in the Vibrio fischeri 
Flash Assay 

In general, the toxicity of the studied 58 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. The substituent in the para-position tended to 
increase the toxicity whereas the ortho-substituted congeners decreased the 
toxicity. The lower toxicity of ortho-substituted phenols has also been observed 
in other studies  (Beltrame et al.,  1984;  Escher  1996;  Argese et al.,  1999)  but 
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3.2.3. Comparison of the toxicity data of anilines and phenols to different 
aquatic species 

3.2.3.1. Toxicity of five anilines to crustaceans, protozoa and bacteria 

The toxicity of aniline, 2-chloroaniline, 3-chloroaniline, 4-chloroaniline and     
3,5-dichloroaniline toward different aquatic test species belonging to different 
trophic levels was investigated to establish the relationship between chemical 
structure. A multitrophic test battery comprising of one decomposer (bacteria 
Vibrio fischeri) and three consumers (crustaceans Daphnia magna and 
Thamnocephalus platyurus, protozoa Tetrahymena thermophila) was used. Our 
results showed that in the test conditions used, no obvious tendency identical for 
all tested species between the chemical structure of the anilines (the degree of 
chloro-substitution and the position of the chloro-substituents) and the respective 
toxicity was found. In case of protozoa, the toxicity of anilines depended on the 
position of chloro-substituents and increased in accordance with the degree of 
chlorosubstitution. Thus, aniline was about 12-fold less toxic than                          
3,5-dichloroaniline. Aniline was also approximately 10-times less toxic than the 
substituted anilines to the bacteria V. fischeri (403 mg/L vs. 13–59 mg/L)             
(Table III in paper III). For both crustaceans, however, it was difficult to reveal 
a distinct relationship between the chemical structure of the tested compound 
and toxic effect. Still, aniline was slightly more toxic than the chlorinated 
anilines studied. Moreover, the bacteria and protozoa were much less sensitive 
towards the anilines than the crustaceans (especially D. magna): EC50 values   
13–403 mg/L versus 0.13–15.2 mg/L, respectively (Table III in paper III). These 
data are in agreement with the data of Abe et al. (2001) and Dom et al. (2010) 
who also showed that D. magna is highly sensitive to anilines. Also, it has been 
demonstrated that aniline and 4-chloroaniline are more toxic than the di- and 
trichlorosubstituted anilines (Abe et al., 2001; Ramos et al., 2002;                          
Dom et al., 2010). However, an opposite trend i.e. decreasing toxicity with 
increasing chlorosubstitution has been recently observed in bacteria (E. coli), 
soil invertebrates (F. candida) and fish (D. rerio) (Dom et al., 2010; Kurvet et 
al., 2011; Janssens et al., 2011) 

Thus, toxicity of anilines showed large interspecies variations, demonstrating 
that in different organisms the toxicity mechanisms for certain chemicals may 
differ and the extrapolation of toxicity data from one species to another could 
lead to incorrect deductions. 

3.2.3.2. Comparison of toxicity data: Vibro fischeri versus Pseudokirchneriella 
subcapitata 

In case of extended list of chemicals (section 2.3; paper IV), the data from 
V. fischeri acute test was compared with regulatory chronic bioassay data for 
P. subcapitata (72-h growth inhibition assay; OECD, 2011). EC50 values for the 
majority of  the  tested  compounds  for  both,  bacteria and algae,  were between 
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�����*������������̂����+_)����a	����.-�	������������������������������	�	����̂ ������T%@)U �̂�����0�������������	��������-��������	��	���������������	,����.�>�������	�/T@)U�]����	�������	��������+Z'��������	��
�����+H*/(448J+Hb)/(44;%��0��������������<�-�-����K�K�c�R!d�DeN"OD!�fD#���DM�D#�ND7��!O���>�&�'�8)����,-���
�������'���	,����.�����?���(%0����	
-�����	������������T@)U��V��g���0�������/6II(JV������������/6IIFJ+H̀ @)U/(44I%�h	����������	,����.���������������	�
	��	'6X+HF4�
E%�?��	��������.������������������������������'����	,����.	������6���
�������	������
�����������	,����.	�	�����	����
�����������(%��	����F164��
����'����b	0����/&�'�8)��	0�����	��.���T@)U��''�����.V������������6IIF%����	����	�����0	�]����	��0������'���
���0��������	���-��>��	
-����	��	�����	0��������������	,����.	���������������-���	��0���-�	844��	����'����>���������'�./���T@)U.V���������	�����	����������������� !"#D!!�f�!d�#���	,����.�����	�8:���
�����J738:%�?��	����T@)U�]����	��0�������	��	,����.����	��������������/�7364J?��������i������� 	̂��
���	�U��W)�����
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