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ABSTRACT

The European Commission (EC) is considering the use of “effect-based tools” (EBTSs)
for environmental monitoring as an alternative to, or in combination with, chemical
analysis. In addition, there is interest in the use of passive sampler devices for the
time- integrated monitoring of water quality.

In order to better understand the opportunity for using EBTs and passive samplers in
combination, Concawe has completed a literature review of relevant EBTs that can
be applied to extracts from passive samplers. The study builds on previous work by
Concawe in this area, for example the 2012 review of effect-based assays relevant
for use in the assessment of refinery effluents and receiving waters (Concawe 2012a).
It also takes into account the findings from several literature reviews published over
the last 3-4 years that address the potential application of EBTs for screening of
effluents, surface waters, sediments and drinking waters (Hamers et al. 2016, CIS
2014, Brack et al. 2016, Di Paolo et al. 2016, Schriks et al. 2015).

Relevant EBTs were identified based on:

Their commercial availability;

Their general validation maturity;

The extent to which they have tested on environmental samples,

The extent to which they have been applied for screening of petroleum residues
Their suitability for use with passive sampler extracts.

This initial screening generated a list of 22 assays. An in-depth literature review was
then completed on these to obtain a more complete understanding of their
performance, interpretation and application. The findings from the review are
summarised in a series of fact sheets included in this report.

The short-listed assays were then compared using the information identified in the
literature review to develop a suite of bioassays that can be used in combination with
passive samplers for refinery effluent assessment. This suite of bioassays is
summarised in this report, along with their assay-specific trigger values (identified in
the literature review) that can be applied to denote an effect, according to the endpoint
under investigation.

It should be noted that the bioassays assessed in the present study are by no means
assessed in terms of availability with regard to being “available techniques” as defined
by the Industrial Emissions Directive (IED; 2010/75/EU) article 3(10). Moreover, the
suite of bioassays are restricted to those assessed in the present study, and are
based on the information identified in this review, and the relative advantages and
disadvantages of using each of the assays. In addition, it is recognised that new
bioassays are continually being developed, and those currently at a relatively early
stage of validation are in the process of being standardised and demonstrated to be
reproducible.
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(www.concawe.eu).

NOTE

Considerable efforts have been made to assure the accuracy and reliability of the information
contained in this publication. However, neither Concawe nor any company participating in
Concawe can accept liability for any loss, damage or injury whatsoever resulting from the use of
this information.

This report does not necessarily represent the views of any company participating in Concawe.
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SUMMARY

As part of an ongoing review of the Water Framework Directive (WFD), the European
Commission (EC) is considering “effect-based tools” (EBTs) for use as an alternative
to, or in combination with, the monitoring of individual substance concentrations.
There are a number of ways in which EBTs may be integrated into environmental
monitoring, but one proposal, developed through a European Chemical Industry
Council (Cefic) Long Range Initiative (LRi) project, is the use of Time-Integrative
Passive sampling combined with Toxicity Profiling (TIPTOP) (Hamers et al. 2016). In
other words, the TIPTOP approach intend to use EBTs are used to assess the toxicity
of the extract from the passive sampler.

The EC has formed a working group to examine and document the opportunities for
implementation of EBTs for monitoring and assessment under the WFD and Concawe
will be a member of this working group. Through its Water, Soil and Waste
Management Group (WSWMG), Concawe has already conducted research on EBTSs,
including a review of assays relevant for use in the assessment of refinery effluents
and receiving waters (Concawe 2012a), and look to further develop this research by
assessing the use of EBTs alongside passive sampling techniques for the monitoring
of waters receiving petroleum refinery discharges. The aim of the project was
therefore to provide a critical evaluation of commercially available effect-based
assays that may be deployed in conjunction with passive samplers.

A number of comprehensive reviews of EBTs, with an emphasis on their potential use
in the environmental assessment of effluents, surface waters, sediments and drinking
waters, have been undertaken over the last 3-4 years, (Hamers et al. 2016, CIS 2014,
Brack et al. 2016, Di Paolo et al. 2016, Schriks et al. 2015). The EBTs highlighted and
assessed in each of these reports/ papers were initially compiled to produce a ‘long
list” of EBTs to be considered in this project. The ‘long list’ of EBTs was subsequently
screened based on the information provided in the reports/ papers outlined above,
according to a small number of broad criteria:

e  Commercial availability;
e  General validation maturity;

e  Previously application to environmental samples and more specifically, response
to PAHs ; and

e  Suitability for use with passive sampler extracts.

These criteria were applied relatively loosely, the aim being simply to focus the
detailed assessments on those assays likely to be most appropriate and relevant for
the future assessment of surface waters receiving refinery effluents, using a passive
sampler approach, and to screen out those assays which are unlikely to be suitable
for this purpose. These criteria also helped focus on the optimal techniques where a
number covering the same type of endpoints are available. The screening resulted in
a first ‘short list’ of 22 assays. The shortlisted EBTs were then subject to a detailed
review, based on the published scientific literature, to identify relevant information with
respect to their performance, interpretation, and application. The detailed review
resulted in the production of 22 fact sheets, one for each EBT on the ‘short list’.

Finally, the short-listed assays were compared using the information identified in the
literature reviews to develop a suggested suite of bioassays, to cover multiple trophic
levels and endpoints, which can be used in combination with passive samplers for the
assessment of waters receiving refinery effluents. Commercial availability was not
included as part of the fact sheets, but was considered in the discussion in making
the suggested suite of bioassays.
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It should be noted that the bioassays assessed in the present study are by no means
assessed in terms of availability with regard to being “available techniques” as defined
by the Industrial Emissions Directive (IED; 2010/75/EU) article 3(10). Moreover, the
suite of bioassays are restricted to those assessed in the present study, and are
based on the information identified in this review, and the relative advantages and
disadvantages of using each of the assays. In addition, it is recognised that new
bioassays are continually being developed, and those currently at a relatively early
stage of validation are in the process of being standardised and demonstrated to be
reproducible.

The suite of bioassays is summarised in the table below (Table 1), along with their
assay-specific trigger values (identified in the literature review) that can be applied to
denote an effect, according to the endpoint under investigation. It is recognised that
new bioassays are continually being developed, and those currently at a relatively
early stage of validation are in the process of being standardised and demonstrated
to be reproducible.

Table 1 Suite of assays that could be used for the assessment of sites receiving refinery
effluents (applied to passive sampler extracts)
Assay Assay type Trigger value 123 Reference

Toxicity to Allivibrio No trigger value found but a

fischeri (1ISO 11348); e.qg. In vivo similar approach can be used -
MicroTox as for other in vivo assays.
Multi-species microbial No trigger value found but a

toxicity test; e.g. MARA/ In vivo similar approach can be used -
LumiMara as for other in vivo assays.

Miniaturised Daphnia In vivo 0.05 toxic units Van der Oost et al.
acute test (OECD 202) (freshwater) ' ' 2017a
Microplate Algal growth
tests (OECD 201 or ISO In vivo 0.05 toxic units. Van der Oost et al.

10253)

2017a

Bivalve embryo
development test (ICES
No.54)

In vivo (marine)

No trigger value found but a
similar approach can be used
as for other in vivo assays.

Cytotoxicity in a Rainbow
Trout cell line (RT Gill-

In vitro / adverse

0.05 toxic units.

Van der Oost et al.

2017a

W1) effect 2017a
0.005 genotoxic units.
- Van der Oost et al.
Am n . .
es test Genotoxicity Positive or negative for 2017a
mutagenicity.
umuC Genotoxicity 0.005 genotoxic units. Van der Oost et al.

VI
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Assay Assay type Trigger value 123 Reference

Continued Table 1

ER activation assay; e.g. 0.2 — 0.5 ng/L Oestrogen Scott et al. 2014;

Endocrine Disruption

ER CALUX® equivalents (EEQ). Hamers et al. 2016
AR activation assay; e.qg. . . . 25 mg Flutamide (FLU) Van der Oost et al.
AR CALUX® Endocrine Disruption EQIL. 20172
R . 50 pg 2,3,7,8-
AR a(glgagzrtsisgy, €.0- Metabolism Tetrachlorodibenzo-p- van dzro(l)?;t etal.
dioxin (TCDD)-EQI/L.
AhR activation assay (with
more specificity for PAHS); Metabolism 16.2 pg TCDD-EQ/L. Hamers et al. 2016

PAH CALUX®

EBTV-Effective
AREC32 activation assay Oxidative stress concentration induction Escher et al. 2012
ratio (EC-IR%) 1.5 = 6 REF.

! Trigger values derived by Van der Oost et al. (2017a) are for use with passive samplers and conservatively
assume that only 50% of the mixture is recovered as part of the passive sampler extract. The trigger values
for whole organism assays are based on extrapolation of acute effects to chronic toxicity based on applying
a factor of 10.

2 Toxic unit = 1/Relative Enrichment Factor (REF) where the REF is calculated by dividing the sample
concentration from solid phase extraction by the dilution in the assay (Leusch et al. 2014)

3 Effect based trigger values (EBTV) are not intended to be used in isolation and the results should be
considered as part of an overall assessment including results for other EBTs for example as proposed by the
SIMONI approach (Van der Oost et al. 2017b).

4 EC-IR is the concentration causing an induction ratio (IR) of 1.5 (ECIR 1.5)

VIII
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INTRODUCTION

The European Commission (EC) is considering “effect-based tools” (EBTs) for use as
an alternative to, or in combination with, the monitoring of individual substance
concentrations (which are compared with substance-specific Environmental Quality
Standard (EQS) concentrations). The use of effect-based approaches has been
reviewed in a recent EC report on “Aquatic Effect-Based Monitoring Tools” (CIS
2014).

There are a number of ways in which EBTs may be integrated into environmental
monitoring, but one proposal, developed through a European Chemical Industry
Council (Cefic) Long Range Initiative (LRi) project, is the use of Time-Integrative
Passive sampling combined with Toxicity Profiling (TIPTOP) (Hamers et al. 2016).
The approach has much in common with Effects Driven Analysis (EDA) approaches
because it is focused on the effect assessment of concentrated mixtures of
substances extracted from passive samplers which have been deployed to
accumulate substances from environmental matrices.

In their review of EBTs the EC identified three types of assays that could be used for
water quality monitoring;

e Invitro (where cell lines or cell cultures are exposed to an environmental sample
providing information of effects at a lower organism level);

e In vivo (where whole living organisms (including bacteria) are exposed to an
environmental sample providing information on effects at the organism level);
and,

e Biomarkers (which are biochemical, physiological, or histological changes or
aberrations measured in a whole organism that can be used to estimate either
exposure to stressors or resultant effects).

In 2017, the EC formed a working group to examine and document the opportunities
for implementation of EBTs for monitoring and assessment under the WFD, and
possibly also the Marine Strategy Framework Directive (MSFD). Concawe is part of
this working group and this report is aimed to form part of Concawe’s input to the work
of this group. Through its Water, Soil and Waste Management Group (WSWMG),
Concawe have already funded research on EBTS, including a review of assays
relevant for use in the assessment of refinery effluents and receiving waters
(Concawe 2012a).

Concawe would like to further develop this research by using EBTs alongside passive
sampling techniques for the monitoring of waters receiving petroleum refinery
discharges.

The aim of the project is therefore to provide a critical evaluation of commercially
available effect-based assays (including biomarkers, where relevant) that may be
deployed in conjunction with passive samplers, for use in assessment of any toxicity
contribution to receiving waters from hydrocarbons discharged in refinery effluents.
The specific aims will be to:

1. Identify a range of commercially available EBTs that can be applied for surface
water quality monitoring;

2. Evaluate the assays with respect to their interpretation, validation maturity,
pedigree for use in the assessment of environmental samples, applicability for
use with passive sampler extracts, and response to hydrocarbons; and

3. Develop a suite of bioassays that can be used in combination with passive
samplers for the assessment of waters receiving refinery effluents.
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1.1.

In the remainder of this section the scope of this study is outlined; defining some
important terms applied throughout the report, and providing some background on the
use of passive samplers for environmental assessment. Section 2 describes the
methodology applied in identifying the EBTs for assessment, screening the EBTs for
detailed evaluation, and searching the published scientific literature for relevant
information on the EBTs selected. In Section 3 a detailed review of each of the
selected EBTs is presented in the form of factsheets covering (where relevant
information was identified); a description of each assay, validation maturity, pedigree
for use in the assessment of environmental samples, response to PAHSs, suitability for
use with passive samplers and result interpretation. The outcomes of the EBT review
are discussed in Section 4 by comparing and contrasting assays providing similar
outputs, and highlighting the strengths and weaknesses of each. Finally, in Section 5,
an assessment of how a suite of EBTs can be applied in combination with passive
samplers for the assessment of receiving waters in the vicinity of oil refineries are
provided.

SCOPE AND DEFINITIONS

The overall scope of this project builds on previous reviews of EBTs for use in the
assessment of surface waters, sediments, industrial effluents or drinking waters. An
exhaustive search for all potentially relevant EBTs is not provided in this report, it has
instead taken as the starting point those EBTSs highlighted as useful by a series of
previous reviews (Section 2.1). The focus of this report is on those assays that have
already shown some promise in terms of environmental assessment (albeit possibly
with a different emphasis than the objectives in the present study). Nevertheless,
many of the EBTs previously reviewed remain relatively novel with respect to use with
environmental samples, and therefore the fact that they have been previously
reviewed, highlighted or recommended by others does not mean that they are optimal
for use in the assessment of surface waters receiving refinery effluents.

Even when restricting the scope of the project in this way, the number and range of
potentially useful EBTSs is large. While the overall objective of this work is to resolve
the available techniques to a suite that is practical for use in assessing surface waters
receiving refinery effluents, for the purposes of focussing the review on those assays
requiring further evaluation, this report has categorised the available EBTS, as follows:

1. Whole organism assays — comprising ‘traditional’ short-term toxicity assays
with algae, invertebrates, fish, bacteria, etc., the majority of which are already
widely applied in chemical hazard assessments (e.g. REACH, OSPAR, OCNS,
etc.), are well validated, and the results are relatively straightforward to
interpret;

2. In vitro sub-organismal assays — comprising (usually cell-based) assays, often
developed to investigate specific mechanistic endpoints such as oestrogenicity
or mutagenicity. Some of these assays have previously been applied for
environmental assessment, while others have been developed for other types
of hazard assessment but may be adaptable for use in environmental
assessment.

3. Relatively novel assays (in both of the categories above), which have not yet
been fully developed or validated, but which show promise with respect to the
assessment of a specific endpoint, or in being more practical or relevant than
currently used assays.
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This review is focussed on those assays in categories ii) and iii) above. Well validated
and widely applied ‘traditional’ whole organism assays have only been considered as
a group, and in a general sense (e.g. adaptations required for high throughput and
use with passive sampler extracts), since their pedigree for use in environmental
assessments is well demonstrated for example in the UK Direct Toxicity Assessment
Programme (UKWIR 2000) and under OSPAR (OSPAR 2012).

In addition, biomarkers have only been considered in this review in relation to their
application in in vitro testing systems (e.g. using cell-based assays) or, in some cases
in vivo in laboratory exposed organisms (i.e. as part of whole organism tests). Assays
involving the assessment of biomarkers in whole organisms taken from the receiving
environment have not been considered.

Finally, as the overall objective of this project is to resolve a suite of assays that are
likely to respond to petroleum-derived substances that may be present in refinery
effluents and be recovered by passive sampler devices, detailed assessments of
individual assays have been restricted to those likely to show the most promise in this
regard. Passive sampling, in the context of this report, describes the use of devices
maintained in situ within the water column or that, over time, passively (i.e. by
diffusion) accumulate substances that are present in the water. In Appendix 1, the
principle of passive sampling is described in more detail.

An initial screening of a ‘long list' of assays (identified from previous reviews) was
been carried out and agreed with Concawe (Section 2.2), resulting in a ‘short list’ of
22 assays for which specific searches of the scientific literature have been
undertaken. For some of the shortlisted assays, little useful information was identified
in the scientific literature (using the search terms applied, Section 2.3), and it was
therefore difficult to fully evaluate their usefulness with respect to the aims of this
work. However, this does not necessarily mean they cannot be utilised for the task in
hand, just that they may not been previously applied very extensively in the
assessment of environmental samples or are not yet fully mature in terms of
validation. Nevertheless, such assays may address a specific endpoint not covered
by better validated/ well used assays or may potentially be superior for practical
reasons. Thus, while such assays may not be included in the suite of assays at this
time, it has been attempted to evaluate them with a view to their potential future use
and highlighted the activities required to demonstrate their usefulness (or discount
them).

‘Commercially available’ in the context of this project refers to an assay or test that
can be readily obtained and conducted by a competent laboratory. It is recognized
that for most of the available tests a level of technical competence and training would
be required to perform the assays. It is noted that Concawe are also interested in
assays that might be commercially available in the near future (i.e. within 5 years).

‘Validation maturity’ refers to the level of demonstrated validation of each technique
(commercial availability does not necessarily denote validation maturity), according
to the validation scheme for environmental assessment techniques established by the
NORMAN network (NORMAN Network 2008).
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2.1

2.1.1.

Table 2

METHODOLOGY

IDENTIFICATION OF RELEVANT EBTS

A number of comprehensive reviews of EBTs have been undertaken over the last 3-
4 years, with an emphasis on their potential use in the environmental assessment of
effluents, surface waters, sediments and drinking waters, (Hamers et al. 2016, CIS
2014, Brack et al. 2016, Di Paolo et al. 2016, Schriks et al. 2015). The EBTs
highlighted and assessed in each of these reports/ papers were compiled to produce
an initial ‘long list’ of EBTs to be considered in this project. A brief summary of these
reports/ papers and the EBTs covered by each is provided in the following sub-
sections.

Use of EBTs for assessment of refinery effluents and receiving waters
(Concawe 2012a)

In 2012, Concawe published a report (Report 1/12) which assessed the use of EBTs
in refinery effluents and receiving waters (Concawe 2012a). The report discuss the
application of biologically-based effects methods (including ecological monitoring) to
refinery discharges and receiving waters, as well as assess the implications of such
methods for future regulation of refinery discharges. Furthermore, it provides
guidance on good practice that can be used by refineries and the downstream oll
industry to carry out and interpret data obtained using biologically-based effects
methods. The report includes eight case studies, provided by Concawe member
companies, where EBTs were applied to refinery effluents and receiving waters.
Table 2 summarises the EBTs used in at least one of the published case studies.

EBTs included in the Concawe Report 1/12 (Concawe 2012a)

Assay Description Type

Allivibrio fischeri toxicity test Reduced bioluminescence of Aliivibrio fischeri test | In vivo

(ISO 11348)

Daphnia magna acute test Immobility (48h) test (OECD 202) In vivo

Immobility (24h)

Daphnia magna chronic test Chronic toxicity (16d) test In vivo

Algal growth tests Inhibition of growth rate tests on marine algae: In vivo

e Skeletonema costatum (ISO 10253);
Phaeodactylum tricornutum (ISO 10253);
Selenastrum capricornutum (OECD 201);
Tetraselmis sp.; and/or
Pseudokirchneriella subcapitata

Acartia tonsa acute test Test of hatching success of Acartia tonsa In vivo

Fish acute tests Lethality tests on fish: In vivo

e Brachydanio rerio (OECD 203); and/or
e Cyprionodon variegatus

Mussels growth test Scope for growth in mussels (Mytilus edulis) is In vivo

assessed
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(EROD) activity in flatfish

the (phase I) metabolism of PAH

Assay Description Type

Continued Table 2
Oyster larvae test Lethality test on oyster larvae In vivo
Whole sediment tests with Corophium volutator used to assess toxicity of In vivo
amphipods both fresh and marine water sediments.
Suite of toxicity tests on marine Lethality, physiological effects (screening for In vivo
mysid stress proteins) and oxygen consumption tests on

marine mysid (Neomysis integer)
Effects of exposure to egg, Heart rate, hatching, length/growth and mortality In vivo
embryo and larvae of cod were measured in early life stages of Gadus

morhua L. (eggs, embryo, and larvae).
Ethoxy-Resorufin-O-De-ethylase | Cytochrome P450 EROD activity, which shows Metabolism

Immunotoxicity test on mussels

Ability to phagocytose assessed, which shows the
state of health of the organism.

Genotoxicity

Micronuclei test on mussels

Genomic instability assessed via presence of

Genotoxicity

micronuclei. Test detects the frequency of
micronuclei formation and nuclear abnormalities
in cells.

Cell damage tests on mussels

Cell damage assessed via the Neutral Red assay,
the altered membranes of the lysosomes exude a
red colouring: the length of time colouring is
retained is measured.

Oxidative stress test on mussels

Rate of malonedialdhyde assessed, which is a
biomarker of oxidizing stress and of lipidic
peroxidation (deconstruction of membranes).

stress

2.1.2.

TIPTOP survey (Hamers et al. 2016)

An environmental risk assessment of surface water from six Water Framework
Directive (WFD) study sites and two Wastewater Treatment Plants (WWTPs) was
conducted using a new approach, TIPTOP, which combined time integrated passive
sampling with toxicity profiling using EBTs (Hamers et al. 2016). The study aimed to
consider if the bioassay based approach would provide more ecologically relevant
results compared with single compound chemical analysis, and also if the approach
would be cost effective. The EBTs chosen for use in the survey included whole
organism and in vitro assays and are summarised in Table 3.

The study used several risk assessment approaches to interpret the data including
calculating the ‘toxic pressure’ based on both measured analytical concentrations,
and whole organism responses. ‘Toxic pressure’ is the concentration in the field which
exceeds the critical effect concentration of a species as determined in a single-
substance laboratory study. The ‘toxic pressure’ was derived using species sensitivity
distributions (SSDs) for the relevant organisms based on acute (EC50) toxicity data
and then extrapolated by a factor of 10 for chronic toxicity. The results from in vitro
assays were compared with mechanism-specific trigger values. The TIPTOP

Genotoxicity

Oxidative
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approach was successful in demonstrating that WWTPs had higher toxicity profiles
than surface waters. It was also possible to prioritise surface water sites for further
investigation. In general, the environmental risks were found to be low regardless of
the risk assessment strategy used. The advantages of the TIPTOP approach are that
it reduces uncertainty regarding the presence of unknown substances or of a missed
pollution event and is more ecologically relevant and informative regarding actual
effects, compared with chemical monitoring. It was also concluded that the approach
is cost effective compared with current WFD surveillance monitoring.

Table 3 EBTs included in TIPTOP (Hamers et al. 2016)

Assay Description Type
MicroTox™ Reduced bioluminescence of Aliivibrio fischeri In vivo
Dapr_mla magna acute Immobility (24/48h) of Daphnia magna In vivo
toxicity
Algae PAM Photosynthetlc activity in alga Pseudokirchneriella In Vivo

subcapitata
Thamnotoxkit F™ Juvenile mortality (24h) of Crustacean Thamnocephalus In Vivo
platyurus
Rotoxkit F™ Juvenile mortality (24h) of rotifer Brachionus calyciflorus In vivo
Zebrafish QFET Zebrafish (Danio rerio) embryotoxicity up to 120h In vivo
Zebrafish Tox-array Freshwater fish In vivo
DR-LUC (H4L1.1c4) Dioxin like activity through AhR activation ED
ER-LUC (BG1Luc4E2) Estrogenic activity through ER activation ED
Androgenic activity through AR activation; Anti-androgenic
AR-EcoScreen™ activity through AR inactivation in the presence of 5-alpha- | ED
Dihydrotestosterone (DHT)

e Displacement of thyroid hormone precursor thyroxine(T4)
TTR-binding from its plasma transport protein transthyretin (TTR) ED
Ames I Mutager_nc activity in TA98 strain with and without Genotoxicity

metabolic activation
2.1.3. European Commission (CIS 2014)

In 2014 the European Commission (EC) published a review of EBTs with a focus on
their suitability for use in water quality monitoring under the WFD (CIS 2014). The
review lists relevant in vitro assays that have previously been used for monitoring
purposes. The reviewed assays are summarised in Table 4. The Annex to the CIS
(2014) report also includes some information on validation, test duration, sample
volumes and sensitivity of the assays.
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Table 4 In vitro assays highlighted for use for monitoring purposes in a European
Commission (EC) assessment of EBTs (CIS 2014)

Assay Description Type

DR CALUX® AhR activity through AhR receptor activation Metabolism

PAH CALUX® AhR activity through AhR receptor activation Metabolism

EROD Induction EROD Induction Metabolism

Estrogenic / anti-estrogenic activity through ER

ER CALUX® / RYA I ED
receptor activation

YES Assay Yeast oestrogen screening assay ED

AR CALUX® Androgenic / an_tl-androgenlc activity through AR ED
receptor activation

YAS Assay Yeast androgen screening assay ED

GR CALUX® Glucocorticoid / anti-glucocorticoid receptor activity ED

PR CALUX® Progesterone receptor activity ED
Displacement of thyroid hormone precursor

TTR Binding thyroxine(T4) from its plasma transport protein ED
transthyretin (TTR)

TRb CALUX® Thyroid receptor activity ED

Acetylcholinesterase
inhibition assay

Inhibition of acetylcholinesterase activity

Neurotoxicity

Carboxylesterase
inhibition assay

Inhibition of carboxylesterase activity

Neurotoxicity

p53 Accumulation

p53-pathway activation (DNA damage response)

Genotoxicity

GreenScreen™ Induction of DNA damage response Genotoxicity
ABC assay Antibiotic activity Phar_maceutlcal
specific
2.1.4. Norman Network publications

The NORMAN Network is a network of organisations focused on the monitoring of
emerging environmental substances. Their mission is to share data, validate common
methods and monitoring tools, and to conduct problem orientated research into new
solutions for monitoring and identifying emerging pollutants. NORMAN collaborators
are therefore actively involved in research into the use of both EBTs and passive
sampler devices, with recent research highlighted on their websitel. Two NORMAN
publications were identified as relevant for further consideration in terms of identifying
EBTSs for potential consideration in this project (Brack et al. 2016 and Di Paolo et al.

2016).

1 http://www.norman-network.net/?q=Publications
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Brack et al. (2016) conducted a review of effect directed analysis to support
environmental monitoring. As part of this review a summary was made of more than
35 in vitro and in vivo assays identified as having potential for use in such an
approach. The review included some limited assessment of their use in terms of
volume of substance required, sample throughput and confounding factors. All of the
assays highlighted in this publication were included in the initial ‘long list' of EBTs
considered in the present study (Appendix 2).

Di Paolo et al. (2016) conducted an inter-laboratory investigation of emerging
contaminants in spiked water extracts, measured using several EBTs. The EBTs
applied in this study are summarised in Table 5. The inter-laboratory comparison was
conducted at eleven different laboratories using their own internal protocols, and
therefore some variability was inevitably introduced due to a lack of method
standardisation. The laboratories were, however, successful in identifying samples
with estrogenic and mutagenic activity. The paper recommended validation of a basic
bioassay battery of tests for use in environmental monitoring.

Table 5 Assays included in inter laboratory investigation of EBTs (Di Paolo et al. 2016)
Assay Description Type
Dapr_mla magna acute Immobility (24/48h) of Daphnia magna In vivo
toxicity
Inhibition of microalgae growth with Pseudokirchneriella .
Algal growth subcapitata (72h) In vivo
. Inhibition of microalgae growth and photosynthetic activity .
Combined algae assay with Pseudokirchneriella subcapitata (24h) In vivo
Zebrafish FET Test Zebrafish (Danio rerio) embryotoxicity up to 72h In vivo
YES Assay Yeast oestrogen screening assay ED
ER-LUC Estrogenic activity through ER activation ED
Mutagenic activity in TA98 and T100 strain with and L
Ames - . e Genotoxicity
without metabolic activation
2.1.5. DEMEAU Assessment (Schriks et al. 2015)

As part of a European Union project on ‘Demonstration of promising technologies to
address emerging pollutants in water and waste water’ (DEMEAU), a review of
available EBTs was conducted by Schriks et al. (2015). This review considered a
range of possible assays for measuring xenobiotic metabolism, endocrine activity,
oxidative stress and genotoxicity in drinking water. Each assay was scored based on
a number of criteria including accuracy, reproducibility, robustness, sensitivity,
specificity, limit of detection, cytotoxicity control, speed, throughput and clarity of
result. The assays recommended by the authors for each endpoint are summarised
in Table 6.
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Table 6 Assays highlighted as most promising for water quality evaluation by Schriks
et al. (2015)
Assay Description Type
DR CALUX® / AR AhR activity through AhR activation Metabolism
GeneBlazer

Pregnane X Receptor (PXR) activity through PXR

HG5LN PXR / PXR Hep G2 N ED
activation

ER CALUX® / YES assay Est_rogf-znlc / anti-estrogenic activity through ER ED
activation

AR CALUX® / AR MDA - Androgenic / anti-androgenic activity through AR ED

kb2! activation

EbRZ CALUX®/ GR MDA - Glucocorticoid / anti-glucocorticoid receptor activity ED

Mutagenic activity in TA98 and T100 strain with and

Ames fluctuation without metabolic activation

Genotoxicity

Reporter gene activation relating to gene and

ToxTracker® ;
chromosomal mutations

Genotoxicity

Direct measure of frequency of micronuclei formation

Micronucleus assa O
y and nuclear abnormalities in cells

Genotoxicity

umuC Induction of the SOS repair response Genotoxicity

P53 CALUX® p53-pathway activation (DNA damage response) Genotoxicity

Vitotox® Induction of the SOS repair response Genotoxicity

BlueScreen™ 2 Induction of DNA damage response Genotoxicity

NRf2 CALUX® Induction of Antioxidant Response Element (ARE) Oxidative
pathway stress

ARE c32 Assay Induction of Antioxidant Response Element (ARE) Oxidative
pathway stress

1 AR Ecoscreen™ (41) and YAS assay (37) also scored highly in the DEMEAU assessment compared with
AR CALUX® (48) and AR MDA -kb2 (43)

2 GreenScreen™ is an equivalent yeast based rather than mammalian cell line based assay which also scored
highly (36) compared with 38 for BlueScreen™.

2.1.6. OSPAR

The Convention for the Protection of the Marine Environment of the North-East
Atlantic (OSPAR) is the current legislative instrument regulating international
cooperation on environmental protection in the North-East Atlantic. Many of their
guidelines were developed with a focus on the oil and gas industry. The Harmonised
Offshore Chemical Notification Format (HOCNF) requires that whole organism
bioassays are used for substance registration (OSPAR 2012/05. Update 2015) as
outlined in Table 7. Alternative assays are available for freshwater based on the
standard OECD 201, 202 and 203 guidelines.
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Table 7 Whole organism bioassays assays for offshore notification under OSPAR
Assay Species Guideline

Algal growth Skeletonema costatum or ISO 10253
Phaeodactylum tricornutum

Acute toxicity to crustacea Acartia tonsa or Tisbe ISO 14669
battagliai

Acute toxicity to juvenile fish | Scophthalmus maximus or Part B of the OSPAR
Cyprinodon variegatus Protocols on Methods for the

Testing of Chemicals Used in
the Offshore

Acute toxicity to a sediment Corophium volutator Part A of the OSPAR
re-worker? Protocols on Methods for the
Testing of Chemicals Used in
the Offshore Industry

1 For sediment assessment only

OSPAR also recommends whole organism bioassays as part of its risk-based
approach to the management of produced water discharges from offshore
installations (OSPAR 2012-7). The approach suggests testing at three different
trophic levels e.g. bacteria, algae and crustacean using standardised assays. The UK
Government specify a preference for the following; bacteria (Microbial Assay for Risk
Assessment (MARA and LumiMARA), algae (Skeletonema costatum) and crustacea
(Acartia tonsa) (UK Department for Energy and Climate Change 2014).

2.1.7. Industrial Emissions Directive (IED)

Whole organism bioassays are also considered as part of waste water monitoring
under the Industrial Emissions Directive (IED). The best available technique (BAT)
conclusions for managing effluents in the chemical sector recommend that toxicity be
evaluated using the assays detailed in Table 8. It should be noted that the bioassays
assessed in the present study are by no means assessed in terms of availability with
regard to being “available techniques” as defined by the Industrial Emissions Directive
(IED; 2010/75/EU) article 3(10).

Table 8 Whole organism bioassays assays for effluent monitoring under the Industrial
Emissions Directive (IED)

Assay Species Guideline
Luminescent bacteria Aliivibrio fischeri ISO 11348
Alaal arowth Guideline specified ISO 8692; ISO 10253;
galg freshwater or marine algae ISO 10710

Daphnia magna

Acute toxicity to crustacea ISO 6341
Fish egg toxicity Danio rerio ISO 15088
Plant growth Lemna minor ISO 20079

10
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2.1.8. ‘Long list’ of EBTs for consideration
Based on the EBTs evaluated in each of the reports/ papers highlighted in sub-
sections 2.1.1 to 2.1.6, an initial ‘long list’ of EBTs for consideration in this project was
compiled, and is presented in the Appendix 2.
2.2. SCREENING OF EBTS FOR DETAILED ASSESSMENT
The ‘long list’ of EBTs was subsequently screened based on the information provided
in the reports/ papers outlined above, according to a small number of broad criteria:
e  Commercial availability;
e  General validation maturity;
o Previously application to environmental samples and more specifically, response
to PAHs; and
e  Suitability for use with passive sampler extracts.
These criteria were applied relatively loosely, the aim being simply to focus the
detailed assessments on those assays likely to be most appropriate and relevant for
the future assessment of surface waters receiving refinery effluents, using a passive
sampler approach. These criteria also enabled the screening out of those assays
which are unlikely to be suitable for this purpose, and helped to focus on the optimal
techniques where a number covering the same type of endpoints are available.
Commonly used whole-organism assays (e.g. acute invertebrate, algae and fish tests)
were not subject to this screening, since they are already well proven and no detailed
evaluation of their utility for the task in hand was therefore required.
The screening resulted in a first ‘short list’ of 16 assays. The ‘short list’ was then
shared with Concawe, who requested the addition of a further six EBTs, not initially
selected in the screening exercise, giving a total 22 assays to be subject to detailed
evaluation. The final ‘short list’ of EBTs for detailed assessment is shown in Table 9.
Table 9 Short list’ of EBTs for detailed assessment
Assay Description Type
Multi-species microbial Multi-species tests using a battery based on growth of In vivo
toxicity test microorganisms (24h). E.g. MARA/ LumiMara.
Daphnia magna metabolic | Toxicity based on decreased substrate metabolism In vivo
activity test measured indirectly using a fluorescent marker. E.g.
D. magna IQ toxicity test™.
Caenorhabditis elegans Caenorhabditis elegans development and In vivo
assay reproduction assay 48h
Zebrafish QFET Zebrafish (Danio rerio) embryotoxicity up to 120h In vivo
Zebrafish Toxarray Genomics endpoints as an ‘add on’ to the Zebrafish In vivo
FET assay
Cytotoxicity in a Rainbow | Cytotoxicity assessed using three assays after 24h In vitro
Trout cell line (RT Gill-W1)
AhR activation assay AhR activity through AhR receptor activation. E.g. DR Metabolism
LUC/ CALUX®.
AhR activation assay (with | AhR activity through AhR receptor activation (more Metabolism
more specificity for PAHS) | specificity for PAHS). E.g. PAH CALUX®.

11
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Assay Description Type
Continued Table 9
EROD Induction EROD Induction in fish cell lines Metabolism
ER activation assay Estrogenic / anti-estrogenic activity through ER Endocrine
activation. E.g. ER LUC/ CALUX®. Disruption
YES assay Yeast oestrogen screening assay Endocrine
Disruption
AR activation assay AR Androgenic / anti-androgenic activity through AR Endocrine
Ecoscreen activation. E.g. AR EcoScreen™ and AR LUC/ Disruption
CALUX®.
YAS Assay Yeast androgen screening assay Endocrine
Disruption
TTR Binding Displacement of thyroid hormone precursor thyroxine Endocrine
(T4) from its plasma transport protein transthyretin Disruption
(TTR)
Ames fluctuation Mutagenic activity in TA98 and T100 strain with and Genotoxicity
without metabolic activation
Micronucleus assay Direct measure of frequency of micronuclei formation Genotoxicity
and nuclear abnormalities in cells
UmuC Induction of the SOS repair response Genotoxicity
P53-pathway activation P53-pathway activation (DNA damage response). Genotoxicity
assay E.g. P53 CALUX®.
Activation of Induction of DNA damage response. Genotoxicity
hGADD45a1l assay E.g. GreenScreen™.
Nrf2 pathwayactivation Induction of Antioxidant Response Element (ARE) Oxidative
assay pathway. E.g. NRf2 CALUX®. stress
ARE ¢32 activation assay | Induction of Antioxidant Response Element (ARE) Oxidative
pathway stress
2.3. OPEN LITERATURE SEARCHES

Each of the shortlisted EBTs was then subject to a detailed search of the published
scientific literature to identify relevant information with respect to its performance,
interpretation, and application.

Searches of the published or open literature were conducted using the search engines
Toxline and Web of Science (through the Thomson Innovation platform). Date limits
of 2010-2016 were applied to all of the searches.

A number of discrete searches for carried out, using the following groups of search
terms, as follows:

[‘EBT*] AND
1. (monitoring OR environment OR effluent OR toxicity OR regulatory OR risk
assessment);

2. (oil OR gas OR PAH OR polyaromatic hydrocarbon OR polycyclic aromatic
hydrocarbon); and

3. (passive sampler OR passive sampling)

* relates to the term used to describe each individual EBT.

12
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This resulted in three sets of search results for each EBT. The results of the literature
searches were, as expected, very varied. Some (widely used) EBTs gave a large
number of ‘hits’ using the above three search terms (maximum total 1596 for the Ames
assay), while many of the lesser used assays resulted in very small numbers of ‘hits’
(<10). In all but one case, the search results were screened to identify the most
relevant studies according to the aims and objectives of the project. For the Ames test
and search terms i), which resulted in 1182 ‘hits’, the results were not screened since
the large number of ‘hits’ in itself, and information from other papers/ reports
(identified during compilation of the ‘long list’) indicated that this assay has been
widely applied for the assessment of environmental samples.

For those assays with small numbers of ‘hits’, all relevant papers were obtained for
detailed assessment. For those with large numbers of relevant papers, a second
screening was undertaken to reduce the number of papers to be obtained to a
manageable number. In this case, the abstracts of the papers were reviewed to
highlight those likely to be most relevant to the objectives of this project.

The overall outcome was approximately 80 relevant papers/ studies, which were

obtained and reviewed in detail. In addition, a further series of papers and reports,
identified during the compilation of the ‘long list’ were utilised in the review.

13
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3.1.

REVIEW OF EFFECT-BASED TOOLS

In this section, the results of the detailed review for the shortlisted EBTs, based on
the scientific literature identified under Section 2.3 are presented. In general, the
review is organised broadly according to the categorisation of EBTs proposed by
Brack et al. (2016) (Figure 1); that is whole organism tests (including bacteria),
cellular response assays (oxidative stress and genotoxicity), reporter assays for
endocrine disruption (ED) and metabolic assays. Each sub-section includes a brief
introduction describing the assays in a broad sense, before presenting a series of
‘factsheets’, which provide detailed information on each shortlisted assay.

Figure 1 EBTs in relation to their position in an adverse outcome pathway
(AOP) (Brack et al. 2016)

cellular response

initiating

event: cellular population
interaction response toxicity
with target
& $ ¥ R 3
activalion  Reporter gene activation of cell viabilty  fish embryo lOXl#leSl
In-vitro of sryt- assays for DNA repair; (indicator  (eqally, an i vitro bioassay)
okl hydrocaon recentor binding  Reportergene  9YeS)
receptor (ER, AR, GR, PR}, assays for population growth of algae;
enzymatic assays adaplive stress  "GPresen- Daphnia immobilisation
In-vivo EROD DNA and protein  responses tative cells
bioassays activity damage (oxidative stress, (Nsh cells

DNA damage) etc)

inhibition of algal
mutagenicity assays

photosynthesis

WHOLE ORGANISM TOXICITY BIOASSAYS

A large number of freshwater and marine whole organism ecotoxicity tests are
available, covering a wide range of species, although primarily focussing on bacteria
(including photosynthetic cyanobacteria), plants and algae, invertebrates, and fish.
New tests continue to be developed by researchers wishing to assess the effects of
chemicals on specific taxa, although in the majority of cases these follow the same
general designs, and generate similar endpoints (e.g. mortality, growth, reproduction,
etc) as well-established tests, with only species-specific aspects differing. A relatively
small sub-set of the available whole organism assays are widely applied in the
derivation of environmental hazard data within single-substance regulatory regimes
for chemicals (e.g. Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH)?, Offshore Chemical Notification Scheme (OCNS)3, etc.), and
they are generally performed according to mature and well validated internationally
standardised test guidelines. A slightly wider range of whole organism assays (also
possessing well validated standard guidelines) have been applied in the assessment
of environmental samples (e.g. UKWIR, 2000; OSPAR 2012).

For ethical reasons, the testing of vertebrate species in whole organism tests is often
(although certainly not always) avoided in environmental monitoring programmes,
and in this case, is anyway unlikely to be useful since whole fish tests (even those
applying larval stages of relatively small species) generally require large volumes of
test solution, precluding the use of passive sample extracts. Therefore, two assays

2 https://echa.europa.eu/regulations/reach
8 https://lwww.cefas.co.uk/cefas-data-hub/offshore-chemical-notification-scheme/
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have been included in this section which do not strictly measure effects at the level of
the whole organism, but may be helpful nonetheless in elucidating effects on fish. The
rainbow trout cytotoxicity assay utilises a fish cell line, and is an in vitro assay, but
can be used as a surrogate for acute effects on fish. The Fish Embryo Test (FET)
utilises fish embryos, rather than fully developed fish, and the Zebrafish Toxarray
(which does involve the exposure of whole fish) measures genomic “biomarker”
responses, and can be performed as an ‘add on’ to the FET.

Table 10 lists the whole organism bioassays considered in this project, and highlights
which have been reviewed in detail (i.e. a ‘factsheet’ has been developed in the

following sub-sections).

Table 10 Whole organism EBTs
Assay Matrix and Taxa Guideline I;?ggsuhceee(}
- s . Marine bacteria (can be
Toxicity to Allivibrio fischeri applied to freshwater samples) ISO 11348-3 N
Multi-species microbial toxicity b:crtee srngtnec; ﬁjnndgngggie None v
test applied to freshwater samples)
OECD 201; 1ISO 10253;
Algal growth: miniaturised, . Environment Agency/
high throughput Marine or freshwater algae | g p gjye Books 219 and N
225.
Combined algae assay
(photosynthesis and growth) Freshwater algae None N
Al?nag dﬂ?ﬁigna?;%tx)de Freshwater algae None N
Daphnia acute: miniaturised, OECD 202; Environment
high throughput (including a Freshwater crustacean Agency/ SCA Blue Book N
toxkit) 208
Daphnlz;é\ili?lﬁ;]?er:tetabohc Freshwater crustacean None Y
ISO 14669; ISO 16778;
Marine copepod acute tests Marine crustacean ISO 16778, Environment N
Pep Agency/ SCA Blue Book
210
Freshwater crustacean toxkit
(e.g. Thamnotoxkit F™) Freshwater crustacean ISO 14380 N
Freshwater or marine rotifer . .
toxkit (e.g. Rotoxkit F™) Freshwater or marine rotifer ISO 19820 N
ISO 17244, ICES TIMES
Echinoderm or Oyster Freshwater/ marine bivalve or No.54; Environment N
Embryo-larval assays echinoderm (marine only) Agency/ SCA Blue Book
209
Caenorhabditis elega_ns Soil dwelling nematode ISO 10872
growth and reproduction
Zebrafish QFET Freshwater fish ISO 15088 Y
Cytotoxicity in a Rainbow
Trout cell line (RT Gill-W1) as Freshwater fish None Y
a surrogate for acute effects
Zebrafish Toxarray Freshwater fish None Y
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3.1.1. Multi-species microbial toxicity test

Title: Multi-species microbial toxicity test

Description:

Multi-species test using a battery of ten bacteria and a fungus with a 24 hour test duration.
Growth of the microorganisms is assessed by measuring the reduction of the redox dye
tetrazolium red (TTC) spectrophotometrically. The strains show different sensitivities to different
chemicals and the resulting array of 11 growth inhibition values gives a ‘toxic fingerprint’ of the
chemicals tested.

An example of a multi-species microbial toxicity test is the Microbial Assay for Risk Assessment
(MARA) / LumiMARA. LumiMara has nine marine species of bacteria with bioluminescence as
an endpoint.

Validation Maturity:
Level 3: Routine laboratory.

An inter-laboratory ring-test has been performed with acceptable results (Wadhia and Dando
20009).

Application with Environmental Samples:

This assay has been applied to raw waters, industrial effluents, sewage sludge and soill
leachates (Fai and Grant 2010; Wadhia et al. 2007; Wadhia and Dando 2009).

Response to PAHSs:

The assay shown to have a high sensitivity to crude oil in wastewater treatment plant effluents
(Steliga et al. 2015).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly (96 well plate design with
test and duration of 24 hours).

Interpretation of Results:

Results are reported as a microbial toxic concentration (MTC) whereby the MTC for individual
species can be compared to the average MTC for all the species (Steliga et al. 2015). The MTC
are more comparable to IC20 values than IC50 values for the individual MARA micro-organisms
(Fai and Grant 2010).

The assay allows a fingerprint of toxicity based on the response of the eleven different microbes.

Key Publications:

Fai and Grant. 2010. An assessment of the potential of the microbial assay for risk assessment
(MARA) for ecotoxicological testing.

Wadhia et al. 2007. Intra-laboratory evaluation of Microbial Assay for Risk Assessment (MARA)
for potential application in the implementation of the Water Framework Directive (WFD).

Wadhia and Dando. 2009. Environmental toxicity testing using the Microbial Assay for Risk
Assessment (MARA).

Steliga et al. 2015. Changes in toxicity during treatment of wastewater from oil plant
contaminated with petroleum hydrocarbons.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.
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3.1.2. Zebrafish QFET

Title: Zebrafish (Danio rerio) embryotoxicity

Description:

The QFET is based on a Fish Embryo Acute Toxicity (FET) test adapted for use with low volume
samples. The test is conducted in a 24 well microplate with 12-13 embryos (<4 hours post
fertilisation) per well in 2ml of test solution and four replicates per treatment. Every 24 hours the
Zebrafish embryos are scored for visible malformations up to day 5 of development. LOEC,
NOEC and ECx values are reported.

Validation Maturity:
Level 3: Routine laboratory.

The FET test is based on a standard OECD method but there is limited information on how the
reduced test volumes affect the test responses.

Test guideline: OECD 236, Fish Embryo Acute Toxicity (FET) Test.

Application with Environmental Samples:

No relevant information on the application of this test to environmental samples was identified
based on literature searches undertaken for this project.

Response to PAHSs:

The assay is non-specific but fish tend to be less sensitive to hydrocarbons than Daphnia or
algae (Concawe 2012a). Not active for B(a)P or benzo(b)fluoranthene in an assessment of
relevant river pollutants (Neale et al. 2017).

Suitability for use with Passive Sampler Extracts:

The assay has previously been applied in the assessment of passive sampler extracts (Hamers
et al. 2016).

Interpretation of Results:

LC50 based on indicators of lethality: coagulation of fertilised eggs, lack of somite formation,
lack of detachment of the tail-bud from the yolk sac, and lack of heartbeat.

The QFET is the term used for the miniaturised assay as used in the TIPTOP study (Hamers et
al. 2016). Detectable toxicity in the QFET was observed for approximately 50% of the passive
sampler extracts. A Zebrafish Toxarray was used to provide supporting interpretive information
on the results observed in the FET test.

QFET is not a widely-used term in the scientific literature and therefore limited ‘hits’ were
obtained in the literature search. As the FET assay is essentially a well-developed and validated
test similar to other whole organism bioassays discussed in this report no further literature
search was conducted.

Key Publications:

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

17



( Concawe report no. 14/18

3.1.3. Daphnia Magna metabolic activity test

Title: Daphnia Magna metabolic activity test

Description:

Toxicity is assessed by observing the cleavage of the fluorometric biomarker methylumbelliferyl
galactoside (MUF) in vivo. Animals are exposed to the sample for one hour and then a solution of
biomarker substrate is added directly to the exposure chamber. Organisms that feed normally with
functional galactosidase enzyme systems are able to cleave the marker from the substrate. The
fluorescent marker is freed to the haemolymph of the organism and is observed visually using long
wave UV light.

An example of a Daphnia magna metabolic activity test is the Daphnia magna 1Q Toxicity Test™

Validation Maturity:
Level 2: Expert laboratory.

An inter-laboratory ring test has been performed (Hayes et al. 1996).

Application with Environmental Samples:

No relevant information on the application of this test to environmental samples was identified based
on literature searches undertaken for this project.

Response to PAHSs:

No relevant information on the specific responses of this test to PAHs was identified based on
literature searches undertaken for this project.

Suitability for use with Passive Sampler Extracts:

The assay was trialled for the TIPTOP survey, but was not used due to technical difficulties in
interpreting the assay response (Hamers et al. 2016). However, in general the test design is suitable
for use with passive sampler extracts.

Interpretation of Results:

The assay records decreased fluorescence due to decreased substrate metabolism, which indicates
toxicity. The results have been correlated (>95%) with standard 48-hour toxicity tests (Hayes et al.
1996).

Key Publications:

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling (TIPTOP):
an effect-based strategy for cost-effective chemical water quality assessment.

Hayes et al. 1996. Inter- and intra-laboratory testing of the Daphnia magna 1Q toxicity test™.

Part of the suite of bioassays that can be used in combination with passive samplers for the
assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.
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3.1.4. Caenorhabditis elegans Growth and Reproduction Test

Title: Caenorhabditis elegans Growth and Reproduction Test

Description:

Growth (body length) and reproduction (number of juveniles generated from two adult
hermaphrodite worms) of C. elegans determined after 72 or 96 hour exposure.

Validation Maturity:
Level 3: Routine laboratory.

A standard method is available and has been ring-tested (ISO 10872) (Clavijo et al. 2016; Hoss
et al. 2012).

Application with Environmental Samples:

Method is reliable for aqueous media, freshwater sediments and soils (Clavijo et al. 2016).

Response to PAHSs:

PAHs generally show low acute toxicity to C. elegans (Sese et al. 2009). The chronic toxicity of
PAHSs to C. elegans (72h EC50 based on reproduction) was less sensitive than acute toxicity to
D. magna (48h EC50) for four of six PAHSs tested (Sese et al. 2009).

Suitability for use with Passive Sampler Extracts:

Relatively small volumes of sample are required (0.5 mL water sample in each well of a tissue
culture plate), therefore assay likely to be suitable for use with passive sampler extracts.

Interpretation of Results:
EC50, NOEC and LOEC based on effects on growth and reproduction.

C. elegans are soil invertebrates and therefore their environmental relevance for surface water
assessments is debatable.

Key Publications:

Clavijo et al. 2016. The nematode Caenorhabditis elegans as an integrated toxicological tool to
assess water quality and pollution.

Hoss et al. 2012. Interlaboratory comparison of a standardized toxicity test using the nematode
Caenorhabditis elegans (ISO 10872).

Sese et al. 2009. Toxicity of Polycyclic Aromatic Hydrocarbons to the Nematode Caenorhabditis
elegans.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.
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3.1.5. Cytotoxicity in a Rainbow Trout cell line (RT Gill-W1)

Title: Cytotoxicity in a Rainbow Trout cell line (RT Gill-W1)

Description:

This fish cell line assay is based on rainbow trout gill cells (RT Gill-W1) with cytotoxicity
assessed, usually after 24 hours exposure, based on three fluorescent indicator dyes, Alamar
Blue™ to measure cell metabolism, 5-carboxyfluorescein diacetate acetoxymethyl ester (CFDA-
AM) to measure cell membrane integrity, and neutral red to measure lysosomal activity.

Validation Maturity:
Level 2: Expert laboratory.

An ISO guideline "Water quality - Determination of acute toxicity of chemicals and water samples
to a fish gill cell-line (RT gill-W1)" is in preparation.

Application with Environmental Samples:

The assay has been applied to environmental samples including paper mill effluents (Dayeh et
al. 2002), oil sands (Samson et al. 2013) and sediments (Amaeze et al. 2014). It has been used
to assess oil sands process-affected waters where it was found to be useful at detecting high
concentrations of naphthenic acids (Samson et al. 2013).

It has also been applied to the assessment of sediment samples, but no consistent relationship
between PAH concentration and cytotoxicity in sediment samples from Lagos lagoon, Nigeria
was identified (Amaeze et al. 2014).

Response to PAHSs:

Only two- and three-ring PAHs have been found to be directly cytotoxic (Schirmer et al. 1998)
using this assay. Other PAHs may be indirectly cytotoxic following metabolic activation. Water
solubility and lipophilicity are the critical properties determining the direct cytotoxicity of PAHs
by influencing PAH accumulation in membranes. Only naphthalene was effective at
concentrations well below its water solubility limit. Therefore, direct cytotoxicity is likely to be
most environmentally relevant with naphthalene. Naphthalene affects the mitochondrial electron
transport chain which is measured in the Alamar Blue™ assay.

Cytotoxicity of B(a)P is dependent on the xenobiotic metabolism of the cytochrome P450 system
but 7-ethoxyresorufin-O-deethylase (EROD) activity is not detectable in the RT Gill-W1 cell line
(Schirmer et al. 1998).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly (well plate design with test
and duration of 24 hours).

Interpretation of Results:

Derives an EC50 based on cell viability. The method has been improved to reduce interferences
from media and is now predictive of fish acute toxicity for many substances (Tanneberger et al.
2013). Not sensitive to all substances because the cells can lack some receptors. May be
insensitive to substances that require significant metabolic activation (including some PAHS) as
the relevant transformation enzymes may not be present (Tanneberger et al. 2013).
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Key Publications:

Amaeze et al. 2014. Cytotoxic and genotoxic responses of the RT Gill-W1 fish cells in
combination with the yeast oestrogen screen to determine the sediment quality of Lagos lagoon,
Nigeria.

Dayeh et al. 2002. Applying whole-water samples directly to fish cell cultures in order to evaluate
the toxicity of industrial effluent.

Samson et al. 2013. Rapid assessment of the toxicity of oil sands process-affected waters using
fish cell lines.

Schirmer et al. 1998. Ability of 16 priority PAHs to be directly cytotoxic to a cell line from the
rainbow trout gill.

Tanneberger et al. 2013. Predicting fish acute toxicity using a fish gill cell line-based toxicity
assay.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.1.6. Zebrafish Toxarray

Title: Zebrafish Toxarray

Description:

A combination of quantitative Polymerase Chain Reaction (qPCR) and a Zebrafish (Danio rerio)
toxicity test (Hamers et al. 2016). This system allows the screening of up to 42 target genes,
covering several toxicity pathways. The choice of target genes can be adapted to a mode of
action of interest. The exposure duration was 5 days, but the test media is not renewed during
this period.

Validation Maturity:
Level 1: Research laboratory.

This is a relatively novel assay, and validation activity is currently restricted to development
within research facilities. Interpretation and standardisation remains a barrier for use for
regulatory purposes.

Application with Environmental Samples:

No relevant information on the application of this test to environmental samples was identified
based on literature searches undertaken for this project.

Response to PAHSs:

No relevant information on the specific responses of this test to PAHs was identified based on
literature searches undertaken for this project.

Suitability for use with Passive Sampler Extracts:

The assay has previously been applied in the assessment of passive sampler extracts (Hamers
et al. 2016).

Interpretation of Results:

Provides supporting information on changes in gene expression. As might be expected samples
that demonstrated toxicity in the QFET assay, also induced strong responses in this assay.
There were also some correlations with in vitro assays especially for metabolism endpoints (DR
LUC). Non-monotonic dose responses can complicate interpretation of the data. The method of
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exposure and life stage of the organisms were both considered to have affected the genomic
response (Hamers et al. 2016).

While a literature search for a Zebrafish Toxarray did not generate additional hits as part of a
specific literature search, “omics” endpoints are increasingly being used in environmental
monitoring studies.

The Zebrafish model is being increasingly used to better understand the mechanistic basis for
Zebrafish toxicity (Goodale et al. 2012; Timme-Laragy et al. 2009).

Key Publications:

Goodale et al. 2012. AHR2 Mutant Reveals Functional Diversity of Aryl Hydrocarbon Receptors
in Zebrafish.

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Timme-Laragy et al. 2009. Antioxidant Responses and NRF2 in Synergistic Developmental
Toxicity of PAHs in Zebrafish

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2. IN VITRO ASSAYS

In vitro assays measure or detect a response in living cells which can be used to
indicate exposure to substances inducing a specific type of response or activity. The
most common in vitro assays are based on genetically modified cell lines (usually
human) in which fluorescence or luciferase activity is measured as an indication of
receptor mediated activity. The results from the assays are usually reported as Toxic
Equivalent Concentrations (TEQSs) or Bioanalytical Equivalent Concentrations (BEQ)
based on potency (REP) relative to a potent receptor agonist (e.g. 173-estradiol for
estrogenic activity).

Most of the assays are available commercially but can only be performed in
accredited laboratories holding a licence for the use of genetically modified
organisms, but other in vitro assays exist which utilise a more generic cell line (not
genetically modified) in which a “biomarker response” is measured (e.g. EROD
induction or micronucleus formation).

Most of these tests require a complimentary cytotoxicity assessment to check that the
exposed cells are viable and that the exposure is not causing direct toxicity (i.e.
depressing cell metabolic activity). The most commonly used assays for such
cytotoxicity assessments include the 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-
tetrazolium bromide (MTT) formazan assay or Alamer Blue™ assay, but it may be
sufficient to use the results from bacterial cell based assays (e.g. Allivibrio fischeri
toxicity test or Ames test) to infer a lack of toxicity (e.g. as undertaken by Hamers et
al. 2016 in the TIPTOP study).

Assays have been developed for a range of receptor mediated endpoints, usually
associated with hormone pathways. The selected assays was grouped based on their
mechanism of action i.e. endocrine disruption, genotoxicity, oxidative stress and
metabolism.
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3.2.1. Endocrine disruption

Six assays (or assay types) which are indicators of endocrine disruption (ED) were
selected for detailed review. Two focus on effects on the oestrogen receptor (assays
based on reporter genes within mammalian cell lines and a yeast oestrogen screen
(YES)); three for androgenic activity (two based on reporter genes within mammalian
cell lines and a yeast androgen screen (YAS)); and finally, a relatively new assay
based on transthyretin-binding (TTR-binding) and indicative of effects via thyroid
pathways.

3.2.1.1. ER activation assay

Title: Oestrogen Receptor (ER) activation

Description:

Oestrogen receptor binding activity is measured in a human bone marrow cell line (U20S),
incorporating the firefly luciferase gene coupled to Oestrogen Responsive Elements (ERES) as
a reporter gene for the presence of oestrogens and/or oestrogen-like compounds. The
bioassays report binding based on total 173-estradiol (E2) equivalents or E2 equivalence factors
(EEFs). Other similar assays exist but are based on the ER[B receptor. The ERa and ERpB
receptors differ in their ligand binding domains and tissue distribution. The ERa is the most
commonly recommended (CIS 2014; Kunz et al. 2017).

Different ER LUC cell lines also exist, including those based on BG-1 ovarian cancer cells
(BG1Luc4E2) (Hamers et al. 2016; Vethaak et al. 2017).

The assays can also be used to detect anti-estrogenic activity by co-exposing a
substance/sample with E2, and using Tamoxifen as the standard.

Example of ER activation assays are ER-CALUX® and other ER LUC assays, with the assays
using either ERa or ERP receptors.

Validation Maturity:
Level 3: Routine laboratory.

OECD 455: Draft updated TG 455: performance-based test guideline for stably transfected
transactivation in vitro assays to detect oestrogen receptor agonists and antagonists

Application with Environmental Samples:

These assays have been widely applied to environmental samples in the assessment of both
estrogenic and anti-estrogenic activity (Scott et al. 2014).

Response to PAHSs:

Vrabie et al. (2011) tested four crude oils and seven refined oils and found that there was activity
of the ERa receptor and ERP receptor for most oils with only minor differences in efficacy
between the two receptors (Vrabie et al. 2011). The results were highlighted as very different
from responses with assays based on yeast cells where estrogenic activity was observed via
the ERB only (Vrabie et al. 2010). The differences may be due to absorption, transport, and
metabolism as well as the presence of coactivator proteins.

Similar discrepancies are observed regarding the estrogenic activity of B(a)P and
benzo(b)fluoranthene which were active in a human cell line but not Zebrafish cell lines (Neale
et al. 2017).

Suitability for use with Passive Sampler Extracts:

Assay has previously been applied in the assessment of passive sampler extracts (Hamers et
al. 2016, Vethaak et al. 2017).
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Interpretation of Results:

Sensitivity >0.1 ng/l EEQ for oestrogenicity and 5 pg/l tamoxifen equivalent (TMXEQ) for anti-
estrogenic effects (Scott et al. 2014).

The assay may be affected by anti-estrogenic chemicals and it can be difficult to measure all
possible estrogenic substances, and therefore to account for all the estrogenic activity in an
environmental sample (Scott et al. 2014).

There is no scientific consensus on a safe degree of ‘oestrogenicity’. A PNEC for 17(-estradiol
of 1 ng/l would be equivalent to 1 ng/l oestrogen equivalents (EEQ) in the ERa-assay (Scott et
al. 2014). Alternatively, bioassay-based Environmental Quality Standards (EQS) have been
proposed for an ER activation assay; 0.6-2 ng/L EEQ (short-term exposure) or 0.2-0.4 ng/L
EEQ (long-term exposure).

Low risk trigger values (LR-TV) have also been proposed for ER LUC assays based on a
comparison between the 5th percentile of the species sensitivity distribution (SSD) determined
for all compounds yielding a specific response in the relevant bioassay (Hamers et al. 2016). A
value below this LR-TV for ER agonism of 0.5 ng/L EEQ indicates no risk.

More conservatively, an effect based trigger values (EB-TV) of 0.2 ng/L EEQ has been proposed
which is designed to be protective for human health (Hamers et al. 2016).

Different results can be observed with different types of assays (e.g. yeast based verses
mammalian receptor based assays). There are suggestions that the different types of assay
should be applied to complement each other and also that any effects should be confirmed using
in vivo tests (Vrabie et al. 2011).

A recent assessment of five in vitro bioassays for detecting estrogenic activity considered that
an ER activation assay showed the best performance based on precision and repeatability
(Kunz et al. 2017).

Higher EEQ values for mixtures of substances could be due to effects on cell membranes or
metabolism as well as interaction at the receptor (Di Paolo et al. 2016).

Key Publications:

Di Paolo et al. 2016. Bioassay battery interlaboratory investigation of emerging contaminants in
spiked water extracts — Towards the implementation of bioanalytical monitoring tools in water
quality assessment and monitoring.

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Kunz et al. 2017. Effect-based tools for monitoring estrogenic mixtures: Evaluation of five in vitro
bioassays.

Scott et al. 2014. An assessment of endocrine activity in Australian rivers using chemical and in
vitro analyses.

Vethaak et al. 2017. Toxicity profiling of marine surface sediments: A case study using rapid
screening bioassays of exhaustive total extracts, elutriates and passive sampler extracts.

Vrabie et al. 2011. Specific in vitro toxicity of crude and refined petroleum products: 3. estrogenic
responses in mammalian assays.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.
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3.2.1.2. Yeast Oestrogen Screen

Title: Yeast Oestrogen Screen (YES)

Description:

The YES utilises a recombinant yeast strain used for the identification of substances that can
interact with the human oestrogen receptor alpha (hERa). Oestradiol equivalent factors (EEQ)
are calculated by measuring the effective concentration required to elicit a 50% response in the
exposed organisms (EC50) for the 17B-oestradiol (E2)—positive control and determining the
percent of sample required to give an equivalent response (Alvarez et al. 2008; Metcalf et al.
2013). By co-exposing a substance/sample with E2 and using tamoxifen as the standard, the
YES also allows testing for hERa-antagonistic activities (anti-oestrogenicity), inhibition of E2
binding to the hERa..

Cytotoxicity can be distinguished from effects by measuring growth of the yeast cells (620 nm)
in parallel to the enzyme activity (540 nm) (CIS 2014).

Validation Maturity:
Level 3: Routine laboratory.

The assay is well validated in general terms using a method based on Routledge & Sumpter
(1996), and is considered mature. Highly reproducible between laboratories. In the process of
being validated for water samples (Schriks et al. 2015). ISO guideline in preparation.

Application with Environmental Samples:

The YES assay has been very widely applied to the assessment of environmental samples
(Schriks et al. 2015; Metcalf et al. 2013; Nelson et al. 2007; Rastall et al. 2004; 2006; Smith et
al. 2015).

Response to PAHSs:

Several individual PAHs or PAH derivatives have been shown to be either oestrogen agonists
or antagonists in this assay (Rastall et al. 2004).

Vrabie et al. (2011) tested four crude oils and seven refined oils in a yeast based screen (not
YES) and found that there was no activity of the ERa receptor, but that there was activity of all
oils to the ERP receptor (Vrabie et al. 2010). There was evidence for additive effects,
antagonistic and synergistic effects. Investigation of the response suggests that the estrogenic
effects may be only partially mediated via the receptor. The potency of the oils was much lower
than for the reference substance but supermaximal responses (fluorescence formation higher
than observed for E2) were observed for some oils, the reasons for this are unclear. Anti-
estrogenic responses were also observed for some of the oils.

Rastall et al. (2006) found that passive sampler fractions that had estrogenic activity also
contained PAHs and their alkylated derivatives, which the authors speculate may have
contributed to the activity. ER agonists were detected in oil and gas production water effluents,
however 95% of the ER agonists could not be identified (Balaam et al. 2009). Tollefsen et al.
(2007) observed ER activity in the dissolved phase of oil and gas production water effluents,
whereas no response was detected in filtered oil droplets.

Suitability for use with Passive Sampler Extracts:

This assay has routinely been applied to the assessment of passive sampler extracts (Alvarez
et al. 2008; Grover et al. 2011; Liscio et al. 2009; Rastall et al. 2004; 2006).

Interpretation of Results:

Highly selective for, and sensitive to, estrogenic compounds (Schriks et al. 2015). May be less
sensitive than mammalian cell based assays (CIS 2014; Beresford et al. 2016) but it can be
used for ER antagonists (CIS 2014).
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Anti-oestrogens may interfere with the estrogenic response which may affect the correlation with
measured concentrations of oestrogens (Rastall et al. 2006; Alvarez et al. 2008; Grover et al.
2011; Wang et al. 2011; Zhao et al. 2011). Chlorination alters the estrogenic potency of
estrogenic compounds (Balaam et al. 2009). Appropriate sample preparation procedures (e.qg.
collection, extraction) are important in obtaining accurate results (Beresford et al. 2016).

Huggett et al. (2002) compared the estrogenic activity of fractionated effluents from sewage
treatment works (STW) in North America and found that the YES assay and in vivo medaka
vitellogenin induction assay did not always identify oestrogenicity in the same fractions.

The expected estrogenic activity in a sample can be calculated from measured chemical
analysis data, based on the concept of concentration addition (calculated EEQs) (Liscio et al.
2009). The measured chemical data cannot always explain the estrogenic activity observed in
environmental samples (Metcalf et al. 2013).

LODs as low as 0.02 ng E2/L and 0.03 ng E2/L have been reported in surface water (freshwater)
and produced water (marine water), respectively (Grover et al. 2011; Tollefsen et al. 2007).

Fractionation can help to identify estrogenic compounds (Thomas et al. 2004a, 2004b). The
results from individual fractions can visualised as an “estrogram” (Rastall et al. 2006).
Fractionation can reduce interference from cytotoxic compounds or ER antagonists but has the
disadvantage of losing the dose response effect.

A method for classifying oestrogenicity is sometimes used to aid interpretation based on fully,
partially, weakly, or not estrogenic if their responses were >75%, 25 to 75%, 10 to 25%, or <10%
of the fluorescence formation by E2, respectively (Vrabie et al. 2010).

The estrogenic activity of oils as environmental mixtures in themselves is complex to interpret,
even without considering other substances that are also likely to be present in the environment
(Vrabie et al. 2010).

Key Publications:

Alvarez et al. 2008. Chemical and toxicologic assessment of organic contaminants in surface
water using passive samplers.

Metcalfe et al. 2013. A multi-assay screening approach for assessment of endocrine-active
contaminants in wastewater effluent samples.

Balaam et al. 2009. Identification of nonregulated pollutants in North Sea-produced water
discharges.

Beresford et al. 2016. Use of a battery of chemical and ecotoxicological methods for the
assessment of the efficacy of wastewater treatment processes to remove estrogenic potency.

Di Paolo et al. 2016. Bioassay battery interlaboratory investigation of emerging contaminants in
spiked water extracts — Towards the implementation of bioanalytical monitoring tools in water
quality assessment and monitoring.

Escher et al. 2008. Monitoring of the ecotoxicological hazard potential by polar organic
micropollutants in sewage treatment plants and surface waters using a mode-of-action based
test battery.

Fang et al. 2012. Assessment of hormonal activities and genotoxicity of industrial effluents using
in vitro bioassays combined with chemical analysis.

Grover et al. 2011. Endocrine disrupting activities in sewage effluent and river water determined
by chemical analysis and in vitro assay in the context of granular activated carbon upgrade.

Huggett et al. 2002. Comparison of in vitro and in vivo bioassays for oestrogenicity in effluent
from North American municipal wastewater facilities.

Liscio et al. 2009. Combining passive samplers and biomonitors to evaluate endocrine disrupting
compounds in a wastewater treatment plant by LC/MS/MS and bioassay analyses.
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Nelson et al. 2007. The use of in vitro bioassays to quantify endocrine disrupting chemicals in
municipal wastewater treatment plant effluents.

Osman et al. 2015. Screening of multiple hormonal activities in water and sediment from the
river Nile, Egypt, using in vitro bioassay and gonadal histology.

Rastall et al. 2004. The identification of readily bioavailable pollutants in Lake Shkodra/Skadar
using Semipermeable Membrane Devices (SPMDs), bioassays and chemical analysis.

Rastall et al. 2006. A biomimetic approach to the detection and identification of oestrogen
receptor agonists in surface waters using Semipermeable Membrane Devices (SPMDs) and
bioassay-directed chemical analysis.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Smith et al. 2015. Screening for contaminant hotspots in the marine environment of Kuwait using
ecotoxicological and chemical screening techniques.

Thomas et al. 2004b. Identification of in vitro oestrogen and androgen receptor agonists in North
Sea offshore produced water discharges.

Tollefsen et al. 2007. Oestrogen receptor (ER) agonists and androgen receptor (AR) antagonists
in effluents from Norwegian North Sea oil production platforms.

Vrabie et al. 2010. Specific in vitro toxicity of crude and refined petroleum products. Il Oestrogen
(oo and B) and androgen receptor-mediated responses in yeast assays.

Zhao et al. 2011. Estrogenic activity profiles and risks in surface waters and sediments of the
Pearl River system in South China assessed by chemical analysis and in vitro bioassay.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2.1.3. AR activation assay using hamster cell line

Title: AR activation assay using hamster cell line

Description:

Androgen receptor mediated transcription and gene expression is determined in in CHO-K1
hamster ovarian cancer cells. The bioassay reports binding based on 5-alpha-
dihydrotestosterone (DHT) equivalents. The assay can also be used to detect anti-androgenic
activity by co-exposing a substance/sample with DHT and using flutamide (FLU) as the
standard.

An example of an AR activation assay using hamster cell line is AR EcoScreen™.

Validation Maturity:
Level 2: Expert laboratory.
Not validated for water samples (Schriks et al. 2015).

OECD 458: Stably transfected human androgen receptor transcriptional activation assay for
detection of androgenic agonist and antagonist activity of chemicals.

Application with Environmental Samples:

This assay has been applied sporadically for environmental research (Schriks et al. 2015), and
has been applied to estuarine, coastal and marine sediments (Vethaak et al. 2017).
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Response to PAHSs:

Positive responses were found in estuarine, coastal and marine sediments but they could not
be directly attributed to PAHs (Vethaak et al. 2017). Hamers et al. (2016) found that B(a)P
contributed to anti-androgenic effects observed in the hamster cell line AR activation assay from
passive sampler extracts.

Suitability for use with Passive Sampler Extracts:

The assay has previously been applied in the assessment of passive sampler extracts (Hamers
et al. 2016, Vethaak et al. 2017).

Interpretation of Results:

High sensitivity to, but medium selectivity for, androgenic compounds (Schriks et al. 2015).
Sample preparation is important in quantifying responses (Vethaak et al. 2017).

Substances causing androgenic and anti-androgenic effects in the same sample may cause
antagonistic effects (Hamers et al. 2016).

Low risk trigger values (LR-TV) have also been proposed for the hamster cell line AR activation
assay based on a comparison between the 5th percentile of the SSD determined for all
compounds yielding a specific response in the bioassay (Hamers et al. 2016). A value below a
LR-TV for AR antagonism of 25000 ng/L FLU-EQ; indicated no hazard from the passive sampler
extract (Hamers et al. 2016).

Key Publications:

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Vethaak et al. 2017. Toxicity profiling of marine surface sediments: A case study using rapid
screening bioassays of exhaustive total extracts, elutriates and passive sampler extracts.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.2.1.4. AR activation assay using human bone marrow cell line

Title: AR activation assay using human bone marrow cell line

Description:

Human bone marrow cell line (U20S), incorporating the firefly luciferase gene coupled to
Androgenic Responsive Elements (ARES) as a reporter gene for the presence of androgens
and/or androgen-like compounds.

An example of an AR activation assay using human bone marrow cell line is AR-CALUX®

Validation Maturity:
Level 2: Expert laboratory.

A Dutch guideline is available: Rijkswaterstaat RIKZ-Specie-08 guideline.

Application with Environmental Samples:

The assay has been applied in a number of environmental monitoring studies (e.g. Leusch et
al. 2014; Scott et al. 2014), and has also been applied to industrial and hospital wastewaters
and WWTP effluents (van der Linden et al. 2008 cited in Scott et al. 2014).
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Response to PAHSs:

No relevant information on the specific responses of this test to PAHs was identified based on
literature searches undertaken for this project.

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly.

Interpretation of Results:
High sensitivity to, but medium selectivity for, androgenic compounds (Schriks et al. 2015).

AR activation assay using human bone marrow cell line results can be expressed as bio-
equivalents, calculated as EC50 of the reference compound (5a-dihydrotesterone), divided by
EC50(rer) of the sample (Leusch et al. 2014). The REF is the Relative Enrichment Factor which
takes into consideration enrichment of the sample (i.e. either by concentration steps or from
passive sampler extracts).

More sensitive than the YAS assay but is more vulnerable to cytotoxicity (Gehrmann et al. 2016).

Sensitivity = 7 ng/l dihydrotestosterone equivalent (DHTEQ) for androgenic activity and 60 ug/|
flutamide equivalent (FLUEQ) for anti-androgenic activity (Scott et al. 2014).

An EQS for anti-AR activity of 25 pug Flu EQ/L is proposed by van der Oost et al. (2017a).

Key Publications:

Gehrmann et al. 2016. (Anti-)estrogenic and (anti-)androgenic effects in wastewater during
advanced treatment: comparison of three in vitro bioassays.

Leusch et al. 2014. Assessment of wastewater and recycled water quality: A comparison of lines
of evidence from in vitro, in vivo and chemical analysis.

Scott et al. 2014. An assessment of endocrine activity in Australian rivers using chemical and in
vitro analyses.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.2.1.5. Yeast Androgen Screen

Title: YAS assay

Description:

The Yeast Androgen Screen is a recombinant yeast strain used for the identification of
substances that can interact with the human androgen receptor (hAR). Dihydrotestosterone
(DHT) equivalent factors (EEQ) are calculated by measuring the effective concentration required
to elicit a 50% response in the exposed organisms (EC50) for the DHT positive control, and
determining the percent of sample required to give an equivalent response. By co-exposing a
substance/sample with DHT and using Flutamide as the standard, the YAS also allows testing
for hAR-antagonistic activities (anti-androgenicity) by inhibition of DHT binding to the hAR.

Cytotoxicity can be distinguished from effects by measuring growth of the yeast cells (620 nm)
in parallel to the enzyme activity (540 nm) (CIS 2014).
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Validation Maturity:
Level 3: Routine laboratory.

Well validated in general terms using a method based on Routledge & Sumpter (1996), and is
considered mature. Highly reproducible between laboratories. In the process of being validated
for water samples (Schriks et al. 2015). ISO guideline in preparation.

Application with Environmental Samples:

The YAS assay has been widely applied to environmental samples (Schriks et al. 2015; Smith
et al. 2015).

The assay has also been used for the assessment of industrial effluents (Fang et al. 2012),
sewage treatment works effluents (Thomas et al. 2002), water and sediment samples from a
river receiving industrial effluent (Thomas et al. 2002; Urbatzka et al. 2007) and produced water
in the North Sea (Thomas et al. 2004b; Tollefsen et al. 2007).

Response to PAHSs:

Androgenic antagonist activity was reported in dissolved and oil phases of produced water from
the North Sea (Tollefsen et al. 2007), whereas no androgenic agonist activity was observed
(Thomas et al. 2004b).

Vrabie et al. (2011) tested four crude oils and seven refined oils and found that there was limited
activity of the AR receptor. A single oil induced AR activity 11% greater than testosterone. A
lack of androgenic agonist activity was consistent with other data in the literature for PAHs
(Thomas et al. 2004b).

A synergistic effect on the AR, has been observed for anti-androgenic effect-based on certain
fractions of a commercially-available engine oil for cars (Jonker et al. 2016).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly.

Interpretation of Results:

Highly selective for, androgenic compounds but low sensitivity compared with other assays
(Schriks et al. 2015).

A limited number of specific substances have androgenic activity whereas many substances
(including PAHS) have been reported as AR antagonists. The large number of substances
makes it difficult to attribute cause and effect.

LODs as low as 2 ng DHT/L and 0.01 ng DHT/L have been reported in surface water (freshwater)
and produced water (marine water), respectively (Thomas et al. 2002; Thomas et al. 2004b).
The influence of other non-androgenic compounds on the mechanism of the YAS assay is
unclear (Thomas et al. 2002). Fractionation can help to identify androgenic compounds (Thomas
et al. 2002; Urbatzka et al. 2007).

The androgenic activity of oils as environmental mixtures in themselves is complex to interpret,
even without considering other substances that are also likely to be present in the environment
(Vrabie et al. 2010).

Low sensitivity compared with the AR activation assay using human bone marrow cell line, but
more less effected by matrix effects or cytoxicity (Gehrmann et al. 2016)

LOQ is approx. 340 ng DHT/L, by concentration of the sample (i.e. SPE) the LOQ is lowered by
the REF (relative enrichment factor) (CIS 2014).
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Key Publications:

Fang et al. 2012. Assessment of hormonal activities and genotoxicity of industrial effluents using
in vitro bioassays combined with chemical analysis.

Gehrmann et al. 2016. (Anti-)estrogenic and (anti-)androgenic effects in wastewater during
advanced treatment: comparison of three in vitro bioassays.

Jonker et al. 2016. Synergistic androgenic effects of a petroleum product caused by the joint
action of at least three chemically distinct compounds.

Osman et al. 2015. Screening of multiple hormonal activities in water and sediment from the
river Nile, Egypt, using in vitro bioassay and gonadal histology.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Smith et al. 2015. Screening for contaminant hotspots in the marine environment of Kuwait using
ecotoxicological and chemical screening techniques.

Thomas et al. 2002. An assessment of in vitro androgenic activity and the identification of
environmental androgens in United Kingdom estuaries.

Thomas et al. 2004b. Identification of in vitro oestrogen and androgen receptor agonists in North
Sea offshore produced water discharges.

Tollefsen et al. 2007. Oestrogen receptor (ER) agonists and androgen receptor (AR) antagonists
in effluents from Norwegian North Sea oil production platforms.

Vrabie et al. 2010. Specific in vitro toxicity of crude and refined petroleum products. Il Oestrogen
(o and B) and androgen receptor-mediated responses in yeast assays.

Urbatzka et al. 2007. Androgenic and antiandrogenic activities in water and sediment samples
from the river Lambro, Italy, detected by yeast androgen screen and chemical analyses.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2.1.6. Transthyretin-Binding (TTR-binding)

Title: Transthyretin-binding (TTR-binding)

Description:

This assay involves the displacement of the thyroid hormone precursor thyroxine (T4) from its
plasma transport protein transthyretin (TTR). Competitive binding of the sample to human TTR
is assessed with 125|-labelled and unlabelled T4. Once binding equilibrium is reached, 1%5-T4
binding is determined using a gamma counter and expressed as a percent of the control, yielding
a T4-equivalent concentration.

Validation Maturity:
Level 1: Research laboratory.

This is a relatively novel assay, and validation activity is currently restricted to development
within research facilities. Interpretation remains a barrier for use for regulatory purposes.

Application with Environmental Samples:

The assay has been sporadically used in studies with environmental samples including effluents
(Metcalf et al. 2013) and sediments (Vethaak et al. 2017).

31



( Concawe report no. 14/18

Response to PAHSs:

PAH quinones and hydroxides have been shown to exhibit strong TTR-binding activity, whereas
PAH ketones have no TTR-binding activity (Bekki et al. 2009).

Suitability for use with Passive Sampler Extracts:

TTR binding activity assay has been applied in studies with passive samplers (Hamers et al.
2016, Vethaak et al. 2017).

Interpretation of Results:

TTR-binding is less specific than other receptor assays and is affected by a range of different
types of substance. It is therefore difficult to quantitatively relate the in vitro assay data to the
concentrations of target analytes in environmental media.

Metcalf et al. (2013) regarded this assay solely as a screening tool (Metcalf et al. 2013).

TTR-binding activity was found in all sediment extracts collected from silicone passive sampler’s
ex situ (Vethaak et al. 2017), and in all passive sampler extracts from the TIPTOP study (Hamers
et al. 2016).

Key Publications:

Bekki K et al. 2009. Evaluation of toxic activities of polycyclic aromatic hydrocarbon derivatives
using in vitro bioassays.

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Metcalfe et al. 2013. A multi-assay screening approach for assessment of endocrine-active
contaminants in wastewater effluent samples.

Vethaak et al. 2017. Toxicity profiling of marine surface sediments: A case study using rapid
screening bioassays of exhaustive total extracts, elutriates and passive sampler extracts.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2.2. Genotoxicity

Five assays were selected which assess genotoxicity; the Ames test, the umuC
assay, the micronucleus assay (as measured in a cell line), the activation of
hGADDA45 assay and the Nrf2-pathway activation assay . The Ames and umucC tests
are not strictly in vitro tests because they assess effects in bacteria, but they have
been considered in this section alongside in vitro tests because they evaluate a similar
mechanism of action.
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3.2.2.1. Ames/ Ames Il

Title: Ames/ Ames Il

Description:

In the Ames test, Salmonella strains are exposed to samples for 48 hours in a microplate system,
with and without metabolic activation (using liver S9). The induction of reverse mutations and
number of revertants are determined. The Ames test measures reversions of frameshift or base
pair mutations in the histidine operon. The Ames Il test is a microplate based assay.

Validation Maturity:
Level 3: Routine laboratory.

Well validated in general terms: a standardised guideline exists (ISO 11350; OECD guideline
471, fluctuation method) and is considered mature. Reproducibility between laboratories can be
an issue. Validated for use with water samples (Schriks et al. 2015).

ISO 11350:2012. Water quality - Determination of the genotoxicity of water and waste water -
Salmonella/microsome fluctuation test (Ames fluctuation test).

Application with Environmental Samples:

The assays has been widely used for the assessment of environmental samples, based on very
high number of scientific papers identified in the literature search with terms ‘Ames’ and
(monitoring OR environment OR effluent OR toxicity OR regulatory OR risk assessment).

Specific examples include drinking water (Schriks et al. 2015), uncontaminated freshwater (Di
Paolo et al. 2016), surface water receiving industrial effluents (Gallampois et al. 2013; Vincent-
Hubert et al. 2016) and samples relevant for the oil and gas industry (Zemanek et al. 1997,
Lemos et al. 1994; Steliga et al. 2015).

Response to PAHSs:

The assay is responsive to benzo(a)pyrene with metabolic activation using S9 extracts
(Reifferscheid and Grummt 2000; Neale et al. 2017), and the TA98 strain has been shown to
detect PAHs with metabolic activation, indicating that reactive intermediate metabolites of PAH
are likely causing the mutagenesis (Vincent-Hubert et al. 2016, Zemanek et al. 1997).

Positive responses were detected in surface waters receiving industrial effluents using LDPE
samplers, indicating the presence of frameshift mutagens (TA98 + S9), however no correlation
was observed between PAH concentration and Ames results (Vincent-Hubert et al. 2016). Polar
fractions from water-soluble extracts of petroleum-contaminated soils were observed to be
weakly mutagenic in the TA98 strain without enzyme activation. A non-toxic response in the
combined extract, while its fractionated components reveal a toxic response, may indicate that
components within the bulk oil phase inhibit dissolution of potentially toxic components by
retaining them within the immobilised oil phase (Zemanek et al. 1997).

Sensitive to B(a)P at 60-400 ug/L (depending on version of the assay) (Reifferscheid and
Grummt 2000).

Suitability for use with Passive Sampler Extracts:

The Ames test has been widely used to assess passive sampler extracts (Rastall et al. 2004;
Gallampois et al. 2013; Vincent-Hubert et al. 2016).

Sample volumes may limit use with the standard Ames test (Rastall et al. 2004), but the Ames
Il test can be conducted in 96 well plates.
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Interpretation of Results:

The Ames test is a mutagenicity tests which detects fixed mutations that are heritable to the
next cell generations. The test endpoint is based on number of revertants providing a positive
or negative for mutagenicity. The assay is quantifiable based on scoring the number of
revertants or percentage effect but it is more difficult to interpret data in terms of relative potency.

Different strains of bacteria can be used, and effects observed in each strain can help identify
the type of DNA mutation occurring (Brack et al. 2016).

Neale et al. (2017) found that only one of 22 water pollutants tested, B(a)P, tested positive in
the Ames test even though mode of action analysis would have predicted effects for more of the
substances.

Key Publications:

Di Paolo et al. 2016. Bioassay battery interlaboratory investigation of emerging contaminants in
spiked water extracts — Towards the implementation of bioanalytical monitoring tools in water
quality assessment and monitoring.

Gallampois et al. 2013. Integrated biological-chemical approach for the isolation and selection
of polyaromatic mutagens in surface waters.

Lemos et al. 1994. Genotoxicity of river water under the influence of petrochemical industrial
complexes.

Neale et al. 2017. Development of a bioanalytical test battery for water quality monitoring:
Fingerprinting identified micropollutants and their contribution to effects in surface water.

Rastall et al. 2004. The identification of readily bioavailable pollutants in Lake Shkodra/Skadar
using Semipermeable Membrane Devices (SPMDs), bioassays and chemical analysis.

Reifferscheid and Grummt. 2000. Genotoxicity in German surface waters - results of a collaborative
study.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Steliga et al. 2015. Changes in toxicity during treatment of wastewater from oil plant
contaminated with petroleum hydrocarbons.

Vincent-Hubert et al. 2016. Use of low density polyethylene membranes for assessment of
genotoxicity of PAHs in the Seine River.

Zemanek et al. 1997. Toxicity and mutagenicity of component classes of oils isolated from soils
at petroleum- and creosote-contaminated sites.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.2.2.2. umuC Assay

Title: umuC assay

Description:

This test uses the bacteria Salmonella typhimurium, indirectly measuring they activation of the
umuC-gene and the SOS repair response via induction of the enzyme (-galactosidase. It is an
indirect measure of DNA damage, or genotoxicity. The test is conducted with and without
metabolic activation using liver S9.
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Validation Maturity:
Level 3: Routine laboratory.

Well validated in general terms: a standardised guideline exists and is considered mature. Highly
reproducible between laboratories. Validated for use with water samples (Schriks et al. 2015).

ISO 13829:2000, Water quality - determination of the genotoxicity of water and wastewater using
the umu-test.

Application with Environmental Samples:

The assay is considered to be a sensitive standard method of estimating the genotoxicity, and
has been widely applied to environmental samples, including industrial wastewater, (Escher et
al. 2008, Fang et al. 2012, Leusch et al. 2014, Vincent-Hubert et al. 2016), surface waters
(Reifferscheid et al. 1991, Reifferscheid and Grummt 2000, Kittinger et al. 2015, Han et al. 2016;
Vincent-Hubert et al. 2016; Zegura et al. 2009), drinking water (Schriks et al. 2015) and with oil
residues in freshwater and brackish water (Bi et al. 2011).

Response to PAHSs:

UmuC is responsive to B(a)P with metabolic activation using S9 extracts (Reifferscheid and
Grummt 2000).

Fang et al. (2012) found that PAHs were minor contributors to the genotoxicity of industrial
effluents (Fang et al. 2012).

Sensitive to B(a)P at 26-80 ug/L (depending on version of the assay) (Reifferscheid and Grummt
2000).

Suitability for use with Passive Sampler Extracts:

The assay has been applied in a number of studies investigating the effects of passive sampler
extracts (Muller et al. 2007, Bi et al. 2011, Vincent-Hubert et al. 2016).

A miniaturised version of the assay has been developed (Reifferscheid et al. 1991).

Interpretation of Results:

The umucC test is an indicator test for genotoxicity, evaluating the ability of a substance to induce
DNA damage. It is relatively sensitive, but has low specificity (Leusch et al. 2014; Schriks et al.
2015).

The assay has been demonstrated to be sensitive to > 400 chemicals, so specific causes can
be difficult to attribute in environmental samples (Kittinger et al. 2015). Weak responses may be
linked to the presence of compounds that inhibit the pathway of the assay (Vincent-Hubert et al.
2016). However, can detect mutagenic compounds and mixtures which do not illicit responses
in the Ames test (Wieczerzak et al. 2016).

According to ISO 13829 an induction rate of 21.5 is taken as a signal for mutagenic potency in
water samples. The results from the umuC assay can also be normalised to genotoxic units
(GTU) where a threshold of 1 GTU calculated as 1/EC50 of a reference substance is considered
indicative for DNA damage (Leusch et al. 2014). Genotoxicity can also be expressed using a
diuron-based relative enrichment factor (Muller et al. 2007).

Key Publications:

Fang et al. 2012. Assessment of hormonal activities and genotoxicity of industrial effluents using
in vitro bioassays combined with chemical analysis.

Han et al. 2016. Evaluation of genotoxic effects of surface waters using a battery of bioassays
indicating different mode of action.

Kittinger et al. 2015. Preliminary toxicological evaluation of the river Danube using in vitro
bioassays.
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Leusch et al. 2014. Assessment of wastewater and recycled water quality: A comparison of lines
of evidence from in vitro, in vivo and chemical analysis.

Muller et al. 2007. Combining passive sampling and toxicity testing for evaluation of mixtures of
polar organic chemicals in sewage treatment plant effluent.

Reifferscheid and Grummt. 2000. Genotoxicity in German surface waters - results of a
collaborative study.

Reifferscheid et al. 1991. A microplate version of the SOS/umu-test for rapid detection of
genotoxins and genotoxic potentials of environmental samples.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Vincent-Hubert et al. 2016. Use of low density polyethylene membranes for assessment of
genotoxicity of PAHs in the Seine River.

Wieczerzak et al. 2016. Bioassays as one of the Green Chemistry tools for assessing
environmental quality: A review.

Zegura et al. 2009. Combination of in vitro bioassays for the determination of cytotoxic and
genotoxic potential of wastewater, surface water and drinking water samples.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.2.2.3. hGADD45 activation assay

Title: hGADDA45 activation assay

Description:

The assay is a Green Fluorescent Protein (GFP) reporter assay based on the expression of the
human GADD45a (hGADD45) gene. The hGADD45a gene has a role in the genotoxicity stress
response.

A version of the assay (GreenScreen™ EM) based on yeast cultures of Saccharomyces
cerevisiae has been marketed and trailed for use with environmental samples (Daniel et al.
2004). The same assay is more readily available based on a human cell line (GreenScreen™
HC). A similar assay the BlueScreen™ HC is also available but the test endpoint is based on a
luciferase reporter. The tests are conducted with and without metabolic activation using liver S9.

Validation Maturity:
Level 2: Expert laboratory.

The assay based on yeast cultures of Saccharomyces cerevisiae appears not to be readily
available. The assay based on the human cell line is currently undergoing standardisation, but
is not well validated for water samples (Schriks et al. 2015). Further, it is extensively validated
for several hundred pure chemical compounds, mainly for pharmaceutical application.

Application with Environmental Samples:

The assay based on the human cell line has been sporadically applied to environmental samples
(Schriks et al. 2015) and the assay based on yeast cultures of Saccharomyces cerevisiae has
been sporadically applied on industrial effluents (Daniel et al. 2004).

Response to PAHS:

No relevant information on the specific responses of this test to PAHs was identified based on
literature searches undertaken for this project.
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Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay is
specifically designed to be high throughput and use small sample volumes.

Interpretation of Results:

Highly sensitive to, and specific for, compounds causing DNA damage (Schriks et al. 2015), but
interferences can occur from particulate matter and bacterial contamination (Daniel et al. 2004).

A positive genotoxicity result is indicated by a 1.3 fold induction compared with the control. A
dose- response is also preferred (Daniel et al. 2004).

Key Publications:

Daniel et al. 2004. Results of a technology demonstration project to compare rapid aquatic
toxicity screening tests in the analysis of industrial effluents.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2.2.4. p53-pathway activation assay

Title: p53-pathway activation assay

Description:

A human cell line (U20S) derived pathway selective reporter gene assay. In this assay, a firefly
luciferase gene has been coupled to p53 Responsive Elements. The luciferase serves as a
reporter gene for the presence of p53-pathway activating compounds. Actinomycin D is used as
a positive control. The test is conducted with and without metabolic activation using liver S9.

An example of the p53-pathway activation assay is p53 CALUX®.

Validation Maturity:
Level 2: Expert laboratory.

This assay is undergoing standardisation, but is not well validated for water samples (Schriks et
al. 2015).

Application with Environmental Samples:

A p53-pathway activation assay has been sporadically applied to environmental samples
(Schriks et al. 2015).

Response to PAHSs:
The assay requires metabolic activation to be sensitive to B(a)P (van der Linden et al. 2014).

A false positive result for genotoxicity was reported for phenanthrene (without S9) (van der
Linden et al. 2014).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly.
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Interpretation of Results:
Highly sensitive to, and specific for, compounds causing DNA damage (Schriks et al. 2015).

A positive response in the p53-pathway activation assay is indicated when at least one
concentration of the substance shows an increase of at least 50% (a 1.5-fold induction) or 100%
(2 fold induction in the presence of S9 (van der Linden et al. 2014).

The assay (with and without S9) detected 18 of 20 tested genotoxic compounds as positive, with
sensitivity and specificity being comparable with a hGADDA45 activation assay (van der Linden
et al. 2014). A false positive result was reported for phenanthrene (without metabolic activation)
while metabolic activation increases the number of false positive results.

Key Publications:
Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

van der Linden et al. 2014. Development of a panel of high-throughput reporter-gene assays to
detect genotoxicity and oxidative stress.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

3.2.2.5. Micronucleus

Title: Induction of Micronucleus in cells (e.g. in in vitro cell lines such as V79)

Description:

The micronucleus assay detects the frequency of micronuclei formation and nuclear
abnormalities in cells. For environmental testing the assay is often performed with the
permanently growing Chinese hamster lung fibroblast cell line V79, but can be performed with
many cell types.

Validation Maturity:
Level 3: Routine laboratory.

The assay is well validated in general terms: a standardised guideline exists and is considered
mature. Validated for use with water samples (Schriks et al. 2015). Validation with cell lines
other than V79 unknown (Brinkmann et al. 2014).

ISO 21427-2:2006 Water quality - Evaluation of genotoxicity by measurement of the induction
of micronuclei - Part 2: Mixed population method using the cell line V79.

Application with Environmental Samples:

The micronucleus assay has been widely applied to environmental samples (Nunes et al. 2011;
Schriks et al. 2015; Reifferscheid et al. 2008), including untreated water samples from a river
basin influenced by urban and industrial activity (Bianchi et al. 2015), surface water (Garcia et
al. 2011; Han et al. 2016) and petroleum refinery effluent (Hara and Marin-Morales 2017).

Response to PAHSs:

For derivatives of benzofuran, methylation had a decreasing effect on the genotoxicity. Some
PAHSs that tested negative in mammalian systems exhibited a positive response in a fish cell
line (e.g. dibenzofuran) (Brinkmann et al. 2014).

In a study by Hara and Marin-Morales (2017), micronucleus activity was only detected after the
first treatment of petroleum refinery effluent (physico-chemical treatment) and not in the source
water, post-biological treatment effluent, final effluent or downstream of the discharge site (Hara
and Marin-Morales 2017).
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Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes. Manual assessment of slides can be a limitation to the assay in
terms of throughput (Brack et al. 2016).

Interpretation of Results:

The micronucleus test detects non-repairable damage, such as clastogenic* and aneugenic®
lesions rather than recent lesions that can be repaired, such as breaks and alkali-labile sites (as
measured in the Comet assay) (Bianchi et al. 2011).

Highly sensitive to, and relatively specific for, mutagenic compounds (Schriks et al. 2015).

Results can be expressed as relative potency (REP) compared with a known mutagenic
substance (Brinkmann et al. 2014).

Micronucleus formation in vitro was observed in the V79 hamster cell line in following exposure
to surface water samples but were not detected in vivo (in onion root cells) suggesting that the
cell lines are more sensitive for detecting a genotoxic effect (Nunes et al. 2011).

The sensitivity of non-standard cell lines may vary depending on the sample type (e.g. water,
sediment) (Garcia et al. 2011).

For a substance to be considered genotoxic there must be a significant increase in micro-
nucleated cells compared with the corresponding negative control, and the number of micro-
nucleated cells in treated cultures should exceed the range of the historical control data. The
dose response may also be important for biological relevance. (Reifferscheid et al. 2008).

Key Publications:

Bianchi et al. 2015. Evaluation of genotoxicity and cytotoxicity of water samples from the Sinos
River Basin, southern Brazil.

Brinkmann et al. 2014. Genotoxicity of heterocyclic PAHs in the micronucleus assay with the
fish liver cell line RTL-W1.

Garcia et al. 2011. Micronucleus study of the quality and mutagenicity of surface water from a
semi-arid region.

Han et al. 2016. Evaluation of genotoxic effects of surface waters using a battery of bioassays
indicating different mode of action.

Hara RV, Marin-Morales MA. 2017. In vitro and in vivo investigation of the genotoxic potential
of waters from rivers under the influence of a petroleum refinery (Séo Paulo State — Brazil).

Nunes et al. 2011. Genotoxic assessment on river water using different biological systems.

Reifferscheid et al. 2008. Measurement of genotoxicity in wastewater samples with the in vitro
micronucleus test—Results of a round-robin study in the context of standardisation according to
ISO.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.

4 A clastogen is a mutagenic agent giving rise to or inducing disruption or breakages of chromosomes, leading to sections
of the chromosome being deleted, added, or rearranged.

5 An aneugen is a substance that causes a daughter cell to have an abnormal number of chromosomes or aneuploidy.
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3.2.3. Oxidative stress
Two oxidative stress assays were selected for assessment, both related to the
induction of the Antioxidant Response Element (ARE) pathway: the Nrf2-pathway
activation assay and the AREc32 activation assay.

3.2.3.1. Nrf2-pathway activation assay

Title: Nrf2-pathway activation assay

Description:

Measure oxidative stress Nrf2 transcriptional activity. The Nrf2-pathway activation assay is
composed of a human cell line (U20S) containing the firefly luciferase gene under control of
four Electrophile Responsive Elements (EpRES). The luciferase serves as a reporter gene for
activation of the Nrf2 pathway.

An example of an Nrf2-pathway activation assay is the Nrf2 CALUX®.

Validation Maturity:
Level 2: Expert laboratory.

Undergoing standardisation and validation for use with water samples. Moderately reproducible
between laboratories (Schriks et al. 2015).

Application with Environmental Samples:

Not widely applied to environmental samples (Schriks et al. 2015).

Response to PAHSs:

Very little relevant information on the specific responses of this test to PAHs was identified based
on literature searches undertaken for this project, however, van der Linden et al. (2014) reported
that B(a)P did not produce a response in this assay (van der Linden et al. 2014).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay is
specifically designed to be high throughput and use small sample volumes.

Interpretation of Results:

Oxidative stress occurs when there is disturbance in the normal redox state of cells. It can result
in the generation of reactive oxygen species which can cause toxic effects through the
production of peroxides and free radicals that damage all components of the cell, including
strand breaks in DNA which can lead to genotoxicity. Response of the Nrf2-pathway activation
assay could provide mechanistic information for observed genotoxic effects in other assays (van
der Linden et al. 2014).

A positive response in the Nrf2 assay is considered to be when at least one tested concentration
of a substance registers an increase in response of at least 50% (a 1.5-fold induction) (van der
Linden et al. 2014).

Key Publications:

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Van der Linden et al. 2014. Development of a panel of high-throughput reporter-gene assays to
detect genotoxicity and oxidative stress.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.
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3.2.3.2. ARE c32 activation assay

Title: AREC32 activation assay

Description:

The induction of the Nrf2-mediated oxidative stress response pathway is measured in the human
breast cancer cell line MCF7. The Nrf2-Antioxidant Response Element (ARE) pathway is
responsive to chemicals that cause oxidative stress. The induction of Nrf2 is proportional to the
amount of luciferase produced by the cells, which can be assessed by a bioluminescence
fluorimeter. The results can be expressed relative to a positive control tert-Butylhydroquinone

(tBHQ).
Validation Maturity:

Level 2: Expert laboratory.

Undergoing standardisation. There has been some inter laboratory comparison (Neale et al.
2017) and is moderately reproducible between laboratories (Schriks et al. 2015).

Application with Environmental Samples:

This assay has been widely applied to environmental samples (Schriks et al. 2015), including
drinking water and effluents from sewage treatment plants (STPs) (Escher et al. 2012 and 2013).

Response to PAHSs:

B(a)P and benzo(b)fluoranthene are inducers of the assay response with EC10’s of 2.22 x 107
M and 2.33 x107 M respectively (Neale et al. 2017).

Induction of the response with B(a)P is higher with metabolic activation using S9 extracts but for
other substances its presence detoxifies the reactive chemical and therefore S9 extracts are not
always used in mixture assessment (Escher et al. 2013).

Suitability for use with Passive Sampler Extracts:

No specific information identified regarding use with passive sampler extracts, but assay design
utilises small sample volumes and provides results relatively rapidly.

Interpretation of Results:

Highly selective for, and sensitive to, compounds causing cellular damage (Schriks et al. 2015
A relatively high number of substances induce the antioxidant response meaning it can be
difficult to establish cause and effect (Escher et al. 2012; Neale et al. 2017).

The limit of reporting (LOR) is three times the standard deviation of the controls. The
concentration causing an induction ratio (IR) of 1.5 (ECir15) has been used as an effect
benchmark value for drinking water treatment (Escher et al. 2012). A effect based trigger value
of ECiris = 6 REF (Relative Enrichment Factor) is proposed, with sample values < 6 REF
indicating a concern for further testing. Cytotoxic effects may mask induction of oxidative stress
depending on the sample. Concentration addition is an appropriate model for mixture effects for
chemicals that are active in AREc32; inactive chemicals do not influence the overall response.
Endotoxins may influence oxidative stress response and some chemicals may trigger the
synthesis of antioxidants and metabolic enzymes (Escher et al. 2013).

Key Publications:

Escher et al. 2012. Water quality assessment using the AREc32 reporter gene assay indicative
of the oxidative stress response pathway.

Escher et al. 2013. Most oxidative stress response in water samples comes from unknown
chemicals: The need for effect-based water quality trigger values.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

41



( Concawe report no. 14/18

3.2.4. Metabolism

Some hydrocarbons activate the Aryl hydrocarbon receptor (AhR) and induce
cytochrome P4501A activity. It is therefore relevant to include assays for AhR
mediated activity in this review. Two assays were selected for Dioxin-Responsive
(DR) luciferase, and one for 7-ethoxyresorufin-O-deethylase (EROD) induction in a
cell line.

3.24.1. DR AhR activation assay

Title: DR AhR activation assay

Description:

In the Dioxin-Responsive (DR) AhR activation assay, the aryl hydrocarbon receptor (AhR)
binding activity in the rat hepatoma H4IIE cell line is measured using a luminometer. Results are
expressed as a percentage of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) binding activity.
Sample preparation steps are required to limit interferences. The test duration is usually 24
hours which prioritises the detection of more persistent dioxin like substances. For detection of
activity of PAHSs results are expressed as a percentage of B(a)P binding activity and shorter test
durations may be used.

Examples of DR AhR activation assays are DR CALUX® (Chemical-Activated Luciferase Gene
Expression) and DR LUC in the H4IIE cell line.

Validation Maturity:

Level 3: Routine laboratory.

AhR activation assays have been well validated in general terms: a standardised guideline exists
and is considered mature. Highly reproducible between laboratories. In the process of being
validated for water samples (Schriks et al. 2015). Good reproducibility in inter and intralaboratory
trials (Eichbach et al. 2014).

ICES TIMES No. 55. Protocol for measuring dioxin-like activity in environmental samples using
in vitro reporter gene DR-LUC assays.

Different DR LUC cell lines exist and the exposure duration should be optimised for each assay
(Vrabie et al. 2009) and may differ in sensitivity (Eichbach et al. 2014).

Application with Environmental Samples:

The assay is widely applied to environmental samples (Schriks et al. 2015), including sediments
(Vethaak et al. 2017) and produced water from oil and gas installations (Balaam et al. 2009).

Response to PAHSs:

Bekki et al. (2009) tested 25 individual PAHs, of which eleven had AhR agonist activity and six
had AhR antagonist activity. PAH ketones and quinones had stronger binding activities than
hydroxylated PAHs, however PAH derivatives possess weaker binding activity for AhR than
parent PAHs overall. Although PAHs can be detected with a DR AhR activation assay, the assay
has limitations for detecting PAHs. These include the fact that PAHs are rapidly metabolised by
the cells in the reporter assay. Also, during the pre-treatment step with sulphuric acid some
PAHs and other less stable compounds are removed (Pieterse et al. 2013).

Receptor mediated activity and antagonism was investigated using four crude oils and seven
refined petroleum products (Vrabie et al. 2009). The potency of the substances (based on
EC50’s) was lower than for the reference substances but all crude oils showed AhR activity up
to approximately 150% of the maximum B(a)P induction, while refined oils showed a response
between 46 -195% of the maximum B(a)P induction. Supermaximal responses can be explained
by the presence of a chemical with higher binding affinity for the receptor or by mixture effects.
The authors conclude that oils probably contain different types of AhR agonists and that a single
chemical is not responsible for all effects observed. Lower potencies are explained by the fact
that AhR agonists constitute only a fraction of some of the oils.
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Suitability for use with Passive Sampler Extracts:

Assay has previously been applied in the assessment of passive sampler extracts (Hamers et
al. 2016, Vethaak et al. 2017).

A linear relationship between bioassay response and deployment time was observed for the
Speedisk extracts while in the silicone rubber extracts the response of the two bioassays levelled
off towards the end of the test period. Levelling of the response was relatively longer for the DR-
LUC assay, which responds to more hydrophobic compounds compared with other assays
(Hamers et al. 2016).

Interpretation of Results:

AhR agonists are associated with long-term toxicity to the liver, reproduction system, endocrine
system and can cause cancer (Bekki et al. 2009). The assay is highly selective for, and sensitive
to, dioxins (Schriks et al. 2015) and dioxin-like substances (chlorinated planar aromatic
compounds) (Balaam et al. 2009). While the assay may be relatively specific, ToxCast reports
AhR-agonistic potencies for 2132 compounds in the DR-LUC bioassay (Hamers et al. 2016).
The presence of AhR antagonists may underestimate the assay results and the solubility of
highly non-polar heterocyclic aromatic compounds may affect results (Hinger et al. 2011, Vrabie
et al. 2009).

Sample preparation is important in quantifying responses (Vethaak et al. 2017). Cytotoxicity
check and dose response curves are recommended. Luciferase induction can be reduced at the
highest concentration (even in the absence of measurable cytotoxicity) which may be due to
toxicity, interference or quenching of the light detection due to colour in the samples, or a
reduction in bioavailability (Vrabie et al. 2009).

Hamers et al. (2016) used a DR LUC in a H4IIE cell line with two sample preparation methods.
The stable extract was sulphuric acid treated and used to indicate dioxin exposure while the
total extract was used to indicate effects from PAHSs.

Alternatively, an AhR activation assay (with more specificity for PAHs) has been optimised for
detecting PAHSs (Pieterse et al. 2013).

Results can be expressed as B(a)P induction equivalents (IEQ-B(a)P) or TCDD induction
equivalents (IEQ-TCDD) per mass of oil. These units can be used to compare concentrations
within similar abiotic matrixes and be used for prioritisation (Vrabie et al. 2009). The units have
been used as a guide for assessing environmental risks but should not be considered as a
definitive result.

Significant correlation was found between DR-LUC responses and the sum of 6 PAH
concentrations for sediment extracts collected using silicone passive samplers ex situ, however
PAHSs only accounted for up to 30% of the response (Vethaak et al. 2017). In another study with
silicone rubber extract passive sampler extracts measured PAHs explained a high proportion of
the activity in the DR assay (Hamers et al. 2016).

LOQ: 1 pg 2,3,7,8-TCDD equivalents per amount of material processed (CIS 2014).

LOD: 0.3-0.6pM; EC50 7.6 — 14 TCDD (Eichbaum et al. 2014). Generally, more sensitive than
other assays (e.g. EROD induction).

Low risk trigger values (LR-TV) have been proposed for DR LUC assays based on a comparison
between the 5th percentile of the SSD determined for all compounds yielding a specific response
in the relevant bioassay (Hamers et al. 2016). A value below this LR-TV for AhR agonism of
16.2 pg TCDD-EQ/L indicates no risk. An alternative effect based trigger value of 50 pg-TEQ/L
has been proposed (van der Oost et al. 2017).

Key Publications:

Balaam et al. 2009. Identification of nonregulated pollutants in North Sea-produced water
discharges.

Bekki K et al. 2009. Evaluation of toxic activities of polycyclic aromatic hydrocarbon derivatives
using in vitro bioassays.
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Eichbaum et al. 2014. In vitro bioassays for detecting dioxin-like activity — Application potentials
and limits of detection, a review.

Hamers et al. 2016. Time-Integrative Passive sampling combined with Toxicity Profiling
(TIPTOP): an effect-based strategy for cost-effective chemical water quality assessment.

Hinger et al. 2011. Some heterocyclic aromatic compounds are Ah receptor agonists in the DR-
CALUX assay and the EROD assay with RTL-W1 cells.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Vethaak et al. 2017. Toxicity profiling of marine surface sediments: A case study using rapid
screening bioassays of exhaustive total extracts, elutriates and passive sampler extracts.

Vrabie et al. 2009. Specific in vitro toxicity of crude and refined petroleum products. 1. Aryl
hydrocarbon receptor—-mediated responses.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.2.4.2. AhR activation assay (with more specificity for PAHS)

Title: AhR activation assay (with more specificity for PAHS)

Description:

In a PAH specific AhR activation assay, the aryl hydrocarbon receptor (AhR) binding activity in
the rat hepatoma H4IIE cell line is measured using a luminometer. Results are expressed as a
percentage of benzo(a)pyrene binding activity. Sample preparation steps are required to limit
interferences. The test duration is usually 4-6 hours which prioritises the less persistent PAH
substances.

An example of an AhR activation assay with more specificity for PAHs is PAH CALUX®.

Validation Maturity:
Level 2: Expert laboratory.

Method based on DR AhR activation assay. Recently optimised for specific use in detecting
PAHSs (Pieterse et al. 2013). In the process of being validated for water samples (Schriks et al.
2015).

Application with Environmental Samples:

DR AhR activation assays has been widely applied to environmental samples, often with a
shorter duration for detecting PAHs (Schriks et al. 2015).

Response to PAHSs:

This is a very specific assay with high predictability, particularly for carcinogenic PAHs (Pieterse
et al. 2013). The cell line that is used more specifically responds to AhR ligands (compared with
an AhR activation assay), avoiding interference in complex mixtures (Pieterse et al. 2013). There
is also a reduction of influence of cellular metabolism of PAHs and a shorter exposure time.

Suitability for use with Passive Sampler Extracts:

The assay is based on a DR AhR activation assays which is widely used with passive samplers.

Interpretation of Results:

Relative potencies (REPs) are obtained by dividing the EC50 of B(a)P (the reference
compound), by that of the EC50 of the concerning PAH. PAH-activities from samples with
unknown contents are quantified as B(a)P equivalents (BEQ). Theoretical total BEQ values
based on REP values can be determined for environmental mixtures. Some PAHs (e.qg.
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fluoranthene, 2-aminoanthracene and phenanthrene) may have an antagonistic effect on the
assay but this is not expected to have a major influence on the outcome (Pieterse et al. 2013).

Substances detected using this assay are likely to be more readily degradable and therefore
less persistent than those detected using the DR-LUC assay (after 24 hours) and therefore may
be considered of lower environmental concern.

Assay also sensitive to other substances including dioxins and pharmaceuticals (e.g.
cyclophosphamide) (van der Oost et al. 2017).

An effect based trigger value of 150 ng B(a)P-EQ/L has been proposed (van der Oost et al.
2017)

LOQ: 0.45 ng B(a)P equivalents per litre of water.

Key Publications:

Pieterse et al. 2013. PAH-CALUX, an optimized bioassay for AhR-mediated hazard identification
of polycyclic aromatic hydrocarbons (PAHS) as individual compounds and in complex mixtures.

Schriks et al. 2015. Selection criteria to select in vitro bioassays for implementation and use.

Van der Oost et al. 2017. SIMONI (Smart Integrated Monitoring) as a novel bioanalytical strategy
for water quality assessment: part | — Model design and effect-based trigger values.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

Yes, see Discussion-section (section 4) for motivation.

3.24.3. EROD

Title: 7-ethoxyresorufin-O-deethylase (EROD) Activity measured in in vitro cell lines

Description:

The ability of a substance to induce EROD activity in rainbow trout (Onchorhynchus mykiss)
liver cell line (RTL-W1) is measured to determine CYP1A induction. CYP1A induction, either
directly or indirectly, can lead to the development of cancer or toxicity.

Validation Maturity:
Level 2: Expert laboratory.

Standard methods are available for determining EROD activity in fish in vivo. In vitro assays
have been demonstrated to be a suitable substitute for in vivo assays (Billiard et al. 2004; Bols
et al. 1999) but they are not yet standardised.

1ISO23893-2:2007. Water quality - Biochemical and physiological measurements on fish - Part
2: Determination of ethoxyresorufin-O-deethylase (EROD).

Application with Environmental Samples:

This assay has been applied to water samples (Emelogu et al. 2013), and water and sediment
samples associated with the oil and gas industry (Harman et al. 2010; Suares-Rocha et al.
2015).

Response to PAHSs:

Behrens et al. (2001) tested nine individual PAHs, of which five (B(a)P, 3-methylcholanthrene,
benzo(b)fluoranthene, chrysene and benzo(a)anthracene) consistently induced EROD activity,
with EC50 values in the range 57.33 to 455.18 nM. Anthracene, fluoranthene, phenanthrene,
and pyrene are not inducers of EROD activity.
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No effects were observed in sediment samples associated with an oil refinery, possibly because
the PAHs present were not EROD inducers (Suares-Rocha et al. 2015).

Suitability for use with Passive Sampler Extracts:

Assay has previously been applied in the assessment of passive sampler extracts (Rastall et al.
2004).

Interpretation of Results:

The EROD assay may give false negatives due to cytotoxicity or enzyme inhibition by other
substances in the mixture; a dose-response curve is recommended (Behrens et al. 2001; Rastall
et al. 2004). Lower sensitivity of the assay to model inducers TCDD and B(a)P was found when
using surface or groundwater compared with tissue culture water, possibly due to adsorption to
particles (Schirmer et al. 2004).

Response can be variable (compared with receptor assays) and vulnerable to effects of other
substances which can cause substrate inhibition reducing the sensitivity of the assay (Eichbaum
et al. 2014).

Theoretical LOD: 1 pM TCDD; EC50 5pM TCDD (Eichbaum et al. 2014).
Does not respond to all PAHs (e.g. fluoranthene, phenanthrene) (Rastall et al. 2004).

Results expressed as TCCD equivalents (EQs) which can be compared with bioassay-derived
TCDD toxicity equivalent factors (TEF).

Key Publications:

Behrens et al. 2001. Polycyclic aromatic hydrocarbons as inducers of cytochrome P4501A
enzyme activity in the rainbow trout liver cell line, RTL-W1, and in primary cultures of rainbow
trout hepatocytes.

Eichbaum et al. 2014. In vitro bioassays for detecting dioxin-like activity — Application potentials
and limits of detection, a review.

Rastall et al. 2004. The identification of readily bioavailable pollutants in Lake Shkodra/Skadar
using Semipermeable Membrane Devices (SPMDs), bioassays and chemical analysis.

Schirmer et al. 2004. Applying whole water samples to cell bioassays for detecting dioxin-like
compounds at contaminated sites.

Suares-Rocha et al. 2015. Assessment of cytotoxicity and AhR-mediated toxicity in tropical fresh
water sediments under the influence of an oil refinery.

Part of the suite of bioassays that can be used in combination with passive samplers for
the assessment of waters receiving refinery effluents (Yes/No):

No, see Discussion-section (section 4) for motivation.
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4.1.

DISCUSSION

The testing of passive sampler extracts (rather than directly sampled environmental
samples) limits the volume of material available for conducting biological
assessments, which in turn limits the type of EBTs that can be applied to those that
can be conducted with small volumes of sample. If a number of EBTs are to be
performed using the same extract (as would be desirable in the comparison of sites
receiving refinery discharges), the low extract volumes also limit the total number of
assays that can be conducted. The aim, therefore, should be to conduct a small
number of targeted assays to screen samples across as many relevant endpoints as
possible, rather than attempting to apply a large array of different tests investigating
the same type of effects. It should also be noted that the bioassays assessed in the
present study are by no means assessed in terms of availability with regard to being
“available techniques” as defined by the Industrial Emissions Directive (IED;
2010/75/EU) article 3(10).

It is important to emphasise that the application of EBTs to passive sampler extracts
is likely to yield relatively crude outputs, which may be useful for the screening and
prioritisation of sites for further investigation, but will not generate results that indicate
actual environmental effects. For example, Muller et al. (2007) found that EBTs
applied to passive sampler extracts were useful in comparing the toxicity of
wastewater treatment effluents at two different sites and sampling occasions, and the
results from the tests (Allivibrio fischeri toxicity test, umuC assay and Max-I-PAM
assay) were able to demonstrate an improvement in the water quality at one of the
sites as a result of an upgrade to a UV disinfection system, but they were not sufficient
to derive hazard data that could be utilised in risk assessment.

The TIPTOP study was able to prioritise sites for further investigation based toxicity
profiles generated using combined information obtained with in vivo and in vitro
assays. The authors use several strategies to interpret the data and argue that the
information would be sufficient to conclude on “good ecological status” for a water
body and that the measurements provide a more informative conclusion compared
with an approach based only on chemical analysis. The passive sampler extracts
showed relatively low toxicity, with the observed toxicity being mainly attributed to
more polar substances obtained on a Speedisk passive sampler device. The
substances causing the effects were however not identified. Nevertheless, the
combination of in vitro EBTs and passive sampling assays may, at least, provide
some insight into the types of substances or substance properties (e.g. genotoxic,
endocrine-active) present in environmental samples.

WHOLE ORGANISM ASSAYS

While most of the well-established whole organism EBTs are well validated and
suitable for environmental assessments, they are specifically designed to derive
measurements of general apical toxicity to individuals or populations of exposed
organisms, and the results from such tests rarely provide much insight into the
mechanistic basis of toxicity, or whether the samples to which they are exposed have
specific hazardous properties (e.g. oestrogenicity, mutagenicity, genotoxicity, etc.).
Nevertheless, such assays are considered to represent (as near as is possible in the
laboratory) actual population-related effects in the environment, rather than potential
effects on organisms (as is generally derived in in vitro cell-based assays). It is
considered sensible, therefore, to utilise both whole organism and cellular EBTs when
assessing the hazard of environmental samples (i.e. mixtures of substances) in order
to cover both apical, population-relevant and mechanistic responses. In some cases,
it may even be possible to assess both general and mechanistic toxicity in the same
study (e.g. by conducting cellular assays on cells removed from organisms exposed
in the laboratory).
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In the context of the present study, the requirement to primarily consider those EBTs
that can be applied to passive sampler extracts will, however, mean that the range of
suitable whole organism assays is restricted to those that can be conducted over
relatively short timeframes (i.e. generally acute or short-term (sub)-chronic tests), and
which require only relatively small volumes of sample, or at least that are amenable
to miniaturisation to a sufficient degree. The need to potentially assess a large number
of extracts concurrently over a relatively short timeframe means that assay testing
systems that allow a large number of individual assays to be undertaken concurrently
(so called high throughput assays) are also likely to be most appropriate for use in
exposures with passive sampler extracts. For these reasons, even some tests that
have been recommended for use in effluent testing (such as the Lemna minor growth
test) are not considered suitable for use with passive samplers.

The general objective when considering any suite of whole organism ecotoxicity
assays (regardless of the regulatory regime under which they are applied) is to
attempt to obtain as wide a taxonomic coverage as possible, while also considering
the matrix of interest (freshwater, marine water, sediment) and accounting for the
practical and ethical limitations of any testing programme (which generally restrict the
selection to a very small number of ‘representative’ species). Traditionally, this
selection has been based loosely on trophic level (e.g. primary producers, primary
consumers, and secondary consumers) or very broad taxonomic groupings (algae,
invertebrates, fish). Clearly, each of these taxonomic groups contains a great many
species, often with very different life histories, feeding strategies, etc. A toxicity test
with Daphnia (a filter-feeding crustacean) is, for example, unlikely to provide much
directly relevant information on the toxicity of the same substance to sensitive
freshwater snails or aquatic insect larvae, even if they co-exist at a site. Nevertheless,
a balance needs to be struck between attempting to test every potentially sensitive
species likely to be present at a site and what is actually practical. For this reason,
test species should be selected which are as representative as possible of the species
present in the general environment (usually restricted simply to the matrix), have been
demonstrated to be sensitive to a wide range of different substances and for which
reliable and repeatable toxicity testing methods exist. In some cases, the ‘algae/
invertebrate/ fish’ approach can be expanded to allow further resolution of toxicity
within one of these groups, for example by testing both salmonid and cyprinid fish
species, or a range of invertebrates with different feeding strategies or life histories.

Given the objectives of this project, the limited range of whole organism assays
previously recommended for use in the assessment of environmental samples
(Section 2.1), and the need to apply a practicable suite of tests for use in subsequent
monitoring programmes of waters receiving refinery effluents, the optimal approach
is probably not to stray too far from the traditional approach to the selection of test
species. However, the addition of prokaryotic organisms to the test battery may be
beneficial in providing a further tier of biological organisation to the environmental
assessment process, while an expansion of the range of invertebrate species applied
(particularly for marine assessments) may provide additional resolution in screening
and prioritising sites, if one test proves under or over sensitive (and therefore prevents
differentiation between samples/ sites).

With respect to whole organism assays utilising bacteria, the Aliivibrio fischeri toxicity
test (Aliivibrio fischeri is a fluorescent marine bacterium) is one of the most widely
applied toxicity assays in both academic and regulatory settings, although perhaps
with an emphasis on the testing of environmental samples (e.g. effluents, waters).
The assay is very well-validated, is performed according to standardised
methodology, and has been the subject of a number of inter-laboratory ring tests. It
has also been widely applied in assessment of oil and gas contamination, with a high
degree of sensitivity at the screening level (Concawe 2012a). The Aliivibrio fischeri
toxicity test system requires only relatively small sample volumes, can generate
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results within 15-30 minutes, and allows a number of samples to be tested
concurrently.

Multi-species microbial toxicity tests have also been shown to be applicable to the
testing of environmental samples (waters, effluents, sewage sludge, soil leachates),
and, while a much more recent development than the Aliivibrio fischeri toxicity test, is
also well validated and results have been shown to be reproducible across
laboratories in a ring test. Both multi-species microbial toxicity tests described in this
report are 96-cell plate systems which makes them highly amendable to small sample
volumes and high sample throughput, and both assays provide results within 24
hours. The assay is commercially available in the form of a kit, and can be performed
by any competent ecotoxicology laboratory (possessing a plate-reading
spectrophotometer). The primary advantage of a multi-species microbial toxicity test
over the Aliivibrio fischeri toxicity test is that both include an array of different
prokaryotic organisms within the same assay (nine bacteria (freshwater and marine),
a yeast and a fungae in the case of MARA assay; nine species of marine bacteria for
the LUmiMARA assay). This array of species has been applied to effluent samples to
‘fingerprint’ toxicity (i.e. the relative responses of the different species relate to
different types of substance), which can also be useful in determining the types of
substance present in a mixed sample. There are also obvious benefits in being able
to test a wide range of species, with differing sensitivities, within a single assay.

Three algal assays were considered as part of this project; the traditional 72 hour
inhibition of algal growth test, a further version of this assay which adds the
measurement of photosynthetic activity to the standard cell number increase
endpoints, and the algal Pulse-Amplitude Modulation (PAM) test, which measures the
fluorescence of algae when light is delivered in a series of pulses and provides a
measurement of the overall photosynthetic health of the algae.

The traditional freshwater inhibition of algal test is obviously extremely well-validated,
and is applied is almost all chemical assessment regimes (e.g. for industrial
chemicals, pharmaceuticals, plant protection products, biocides, etc.) according to an
internationally accepted and long-standing guideline (OECD 201). This test has been
demonstrated to be sensitive to a wide-range of different types of test substance,
generates growth endpoints that can be applied in both short-term and long-term
hazard assessments, and can easily be adapted for use with different species of
‘algae’ (e.g. cyanobacteria can be employed if anti-microbial effects are suspected).
In addition, the assay can successfully be miniaturised and undertaken in 96-well
plates, where fluorescence is measured as a surrogate for cell density, and has a long
pedigree of being applied in the assessment of environmental samples, at least in the
assessment of effluents. The OECD 201 test can also be performed using marine
algae, however, marine microalgal tests are more often undertaken according to an
ISO guideline (ISO 10253), which is similarly well-validated, ring-tested and sensitive
to a wide range of different types of substance.

The combined algal growth and photosynthetic activity assay derives measurements
after only 24 hours (compared to 72 hours for the standard algal growth tests), which
might provide some advantage if the objectives are to quickly prioritise the
phytotoxicity of different samples, and this test employs also employs a miniaturised
(96-well plate) design. However, this assay is much more rarely applied than
traditional algal growth tests (i.e. primarily only used in research activity) and is
therefore less well validated. In addition, 24 (and 48) hour growth measurements can
quickly and easily also be generated using standard (miniaturised) algal growth tests,
if a fluorescence plate reader is applied to assessing algal growth. Perhaps because
measurements are made after only 24 hours exposure, this assay tends to be less
sensitive than the standard algal growth tests.
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Similarly, the algal PAM assay is less well used, validated, or standardised than the
traditional algal tests, but has the advantage of being able to generate results within
6 hours of the start of exposures (although it also appears to be less sensitive to most
substances than the standard algal growth tests, with the possible exception of
herbicides). The PAM test is a commercially available complete test system,
comprising proprietary equipment and software in a manner similar to the Aliivibrio
fischeri toxicity test system (although only one sample can be assessed at a time),
and while the Aliivibrio fischeri toxicity test has been developed into a standardised
guideline, which can be applied independently of the Aliivibrio fischeri toxicity test
system, this appears to not be the case for the PAM system. While this assay clearly
has its applications (e.g. distinguishing between differently pigmented populations of
algae in samples; in-situ assessment of photosynthetic activity), it is perhaps most
useful for ecotoxicity testing in allowing toxicity assessments to be made on plant
species for which standardised toxicity testing methods do not exist, since any type
of plant material can be employed in the PAM system.

A very wide range of whole organism ecotoxicity tests with invertebrates are available,
many of them extremely well validated and ring-tested, and shown to be sensitive to
different groups of substances. As outlined above, undertaking an array of different
invertebrate tests may be beneficial in the hazard and risk assessment of individual
substances since this maximises taxonomic diversity and may allow the application
of probabilistic PNEC derivation approaches. However, when the objectives are to
screen and prioritise receiving water sites, it is probably unrealistic, in terms of time
and other resources, to employ many assays in the assessment of each sample.

As for the traditional algal toxicity test, the acute immobilisation test with Daphnia, is
also applied across many chemical regulatory regimes, is undertaken according to
well-validated and ring-tested standardised guidelines, and has been applied
successfully in the assessment of freshwater environmental samples. This test can
be miniaturised to a sufficient degree to be used with passive sampler extracts, and
a ‘toxkit’ version, utilising ephippia, is available which assists in avoiding the need for
resource intensive laboratory cultures and in enabling high throughput procedures.

The Daphnia Magna metabolic activity test allows the assessment of ‘toxicity’, as
indicated by decreased substrate metabolisation measured indirectly using a
fluorescent marker. While this test does not appear to be widely used in the
assessment of freshwater environmental samples, it has undergone inter-laboratory
ring testing and seems to therefore present some promise in this regard. Results have
been shown to correlate with 48-hour Daphnia immobilisation, although Hamers et al.
(2016) reported some difficulties in interpreting the assay response with respect to
actual Daphnia toxicity. The primary advantage over the traditional Daphnia acute test
is the ability of the metabolic activity test to derive results after only 75 minutes (60
minutes actual exposure), which can be advantageous if results are required quickly.

‘Toxkit’ type tests are also available for other freshwater species, such as the
beavertall fairy shrimp, Thamnocephalus platyurus (Thamnotoxkit F™; ISO 1430),
and the freshwater rotifer, Brachionus calyciflorus (Rotoxkit F™; I1SO 19827).
Individual factsheets were not prepared for these assays as they are well established
methods which have been specifically developed for effluent testing (Daniel et al.
2004). The sensitivity of these assays to most chemicals is reported to be similar to
the Daphnia acute test, and they can be undertaken over a similar timeframe (24 to
48 hours, although a 1 hour ‘rapidtox’ version of the T. platyurus test is also available).
The ‘toxkit’ design of such assays allows a relatively high throughput of samples, and
makes them amenable to testing with passive sampler extracts. Both assays have
been ring-tested and standardised guidelines exist. However, while such ‘toxkit’
approaches may offer advantages over the standard Daphnia test in some
circumstances (e.g. on-site assessments), most commercial laboratories will be highly
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familiar with the conduct of the Daphnia acute test, and will be able to undertake this
test more readily (and cheaply) than tests with fairy shrimps or rotifers.

The C. elegans test is unusual compared to the other invertebrate assays considered
in the present study, since C. elegans is not an aquatic species. However, its biology
and genome are well characterised, the test methods are well validated, and its
potential utility as a predictive tool for Developmental and Reproductive Toxicity
(DART) in humans is well documented. There test has also been shown to be
adaptable to the assessment of environmental samples (including aqueous media),
and therefore there appears to be no particular barrier to its application in aquatic
environmental assessments. However, based on the available information in the
study, this bioassay appears to be relatively insensitive (at least to PAHS) compared
to more traditional invertebrate assays (e.g. Daphnia acute test), despite the inclusion
of chronic endpoints in the test design.

For the assessment of marine waters, a greater number of standardised invertebrate
tests are available, perhaps reflecting the more recent development of marine
ecotoxicity assays with a primary focus on offshore activities and environmental
assessments. The most widely applied acute/ short-term pelagic invertebrate tests
comprise tests with marine copepods (using species such as Acartia tonsa and Tisbe
battagliai), embryo-larval tests with bivalve molluscs and sea urchins, and marine
rotifers.

Well validated, standardised guidelines are available for all of these tests, and all have
been widely applied in the assessment of environmental samples. The embryo-larval
tests perhaps have the edge in terms of miniaturisation and high sample throughput,
and these early-life stage assays are generally more sensitive than the copepod/
rotifer tests, although this may be less of an issue when testing passive sampler
extracts than with ‘neat’ environmental samples.

Whole fish testing is generally not recommended for water quality monitoring for
ethical reasons. Alternatives to using whole fish tests are available, and include the
FET test (or miniaturised design, QFET) based on OECD 236, or the measurement
of cytotoxicity in fish cell lines. There are arguments that neither is necessary for a
screening or prioritisation exercise. For hydrocarbon pollution, there is a body of
evidence that suggests that lower organisms are more sensitive than fish (Concawe
2012a). However, a reason for including a measure of fish toxicity is that many of the
in vitro assays are based on pathways that are most relevant to vertebrates, and
therefore a measure of vertebrate effects might be beneficial for comparison.

A miniaturised FET with Danio rerio requires a relatively high amount of test solution
compared with other whole organism assays, and still uses ‘whole fish’, even if they
are not protected life stages. The advantage is that the assay is well developed as a
screening tool and there is considerable scope for including novel biomarker
endpoints if it were considered practical (e.g. it is possible to combine the comet assay
and the FET assay) or the Zebrafish Toxarray. The Zebrafish Toxarray provides an
indication for changes at the genomic level in response to passive sampler extracts.
The results from such studies should be treated with caution as the methods have
received much less attention with respect to their repeatability and show wider
validation compared with other in vitro tests discussed in this study. The Zebrafish
model is, however, an increasingly important tool in investigating the mechanistic
effects of toxic PAHs (Goodale et al. 2012; Timme-Laragy et al. 2009). Genomic data
obtained using the Zebrafish Toxarray can be used to cover a broader spectrum of
potential mechanistic effects compared with a limited number of bioassays as well as
providing supporting data for results observed in other effect based tools.
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There have been considerable improvements in the use of cytotoxicity in fish cell lines
(gill cell-line RT Gill-W1) as a predictive model for acute toxicity in fish and the assay
is now being validated by ISO (Tanneberger et al. 2013). Compared with the FET test,
the in vitro cell line assay has the advantage of being relatively rapid (24 hours), and
requires much smaller volumes of test sample. The assay has some drawbacks for
mixtures assessment because it is not sensitive to all substances (including some
PAHS) because the cells lack some receptors and metabolic capabilities.

Table 11 summarises the attributes of the whole organism EBTs considered in this
study, with respect to water quality monitoring.

development

Table 11 Whole organism bioassays — summary of attributes for water quality monitoring
. B Use with
Assay Me_?:)t(:nd \r/naallltﬂ?ittm? Regulatory use |environmen du-l;gfiton Supporting Information
y tal samples
Marine EC50; data available for
Aliivibrio fischeri | bacteria (can Applied under Up to 30 range of substance types.
toxicity test (ISO | be applied to 3 several regulatory Routinely pmins
11348) freshwater regimes Trigger values have been
samples) proposed.
Fingerprint of toxicity based
. . Freshwater on 11 microbes.
Multi-species . -
. . O and marine Limited regulatory
microbial toxicity . 3 L2 Frequently 1 Day . . . .
test bacteria and application Microbial toxic concentration
fungi (MTC) for test equivalent to
IC50 for single organism.
EC50, NOEC, LOEC acute
and chronic endpoints.
Algal arowth Marine or Applied under
ga’ gn freshwater 3 several regulatory Routinely 72 hours | Greater sensitivity compared
inhibition . :
algae regimes with algal PAM for many
substances (Di Paolo et al.
2016).
Low sensitivity compared
with algal growth due to
Algae PAM Freshwater 2 Limited _regylatory Occasional | 4.5 hours shorter test duration (Di
algae application Paolo et al. 2016).
Endpoint can be difficult to
interpret.
Daphnia Magna Freshwater Applied under _ EC50, NOEC, LOEC acute
acute 3 several regulatory Routinely 48 hours ;
. S crustacean : endpoints.
immobilisation regimes
Daphnia Magna Freshwater
metabolic activity 2 None Rarely 75 minutes Biomarker endpoint
test crustacean
Marine copepod Marine 3 Re_gulatory use for Routinely 48 hours EC50, NOEC, I__OEC acute
acute crustacean marine environments endpoints
Thamnocephalus _
platyurus toxicity E:E:{; V\Clggenr 3 leged”rcegtlijtl)?]tory Frequently 24 hours EC50, Ng)rl]EdC,OIi_nCt)SEC acute
test (ISO 1430) pp P
Brachionus
calyciflorus Freshwater or 3 Limited regulatory Frequentl 48 hours EC50, NOEC, LOEC sub-
toxicity test (ISO | marine rotifer application a y acute endpoints
19827)
Echinoderm or Marine
Oyster Embryo mollusc or 3 Regulatory use for Routinely | 24-48 hours EC50, NOEC, LQEC sub-
larval echinoderm marine environments acute endpoints
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Media and | Validation Us_e e Test 8 8
Assay T el Regulatory use environmen . Supporting Information
axa maturity duration
tal samples
Continued Table 11
C. elegans growth | Soil dwelling 3 Standard research Occasional 96 hours EC50, NOEC, LOEC sub-
and reproduction nematode tool acute endpoints
Applied under
Zebrafish QFET Fresfhvr\]/ater 3 several regulatory Routinely U%to 120 Acute toxicity, EC50
is regimes ours
2
Rainbow trout cell | Freshwater (undergoin Regglatory uptake . EC50 based on cell viability
line cytotoxicity fish 9 may Increase once Occasional 72 hours in three cytotoxicity assays
validation validated
by 1SO)

Supporting interpretive
information for mechanism
of action. Does not provide

Zebrafish Fres_hwater 1 None Occasional | 120 hours information on an adverse
Toxarray fish effect.
Used in conjunction with
Zebrafish FET.

1 Validation maturity based on a scale of 1-3 as outlined in the Norman Network validation guidance document (Norman Network

2008)

4.2.

ENDOCRINE DISRUPTION (ED)

Receptor mediated assays for detecting ED effects are available for a range of steroid
hormone pathways and show some promise for use in water quality monitoring
because they can be used to demonstrate the combined effect of substances acting
by a similar hormonal mechanism of action, and can be cheaper to use and are
potentially more sensitive than direct chemical analysis.

There is particular interest from the EC to develop EBTs to use as an alternative to
direct chemical analysis for the monitoring of steroidal oestrogens, 17a-
ethinyloestradiol (EE2), 17B-oestradiol (E2) and oestrone (E1), which are on the WFD
Watch List. Many versions of receptor based assays for detecting estrogenic activity
exist, and most are based on binding to the ERa receptor, although similar assays
also exist for the ERP receptor. The estrogenic effect is reported based on relative
potency compared with 17B-oestradiol. These assays are also used to measure anti-
estrogenic activity by co-exposing a substance or sample with E2 and using tamoxifen
as the standard. Most receptor based assays, including the ER activation assays, are
based on human cell lines, but some (e.g. the YES assay) utilise yeast cells. These
assays are known to have certain limitations, being affected by cytotoxicity and the
presence of competing substances in the sample (i.e. anti-oestrogens), and different
assays often generate inconsistent results for the same sample.

In general, the human receptor assays are more sensitive to estrogenic effects than
yeast based assays. A study has also recently been conducted to compare the
performance of five receptor based assays in terms of their reliability and repeatability
for detecting an estrogenic effect (Kunz et al. 2016). The ERa activation assay and
YES assay both performed better than other assays in terms of accuracy and
repeatability, and were both considered suitable for use in water quality monitoring,
with the ERo assay being recommended as superior. The ERa activation assay and
YES assay were also both recommended for monitoring of drinking water in an
assessment by Schriks et al. (2015). Trigger values of between 0.2-0.5 ng/L
oestrogen equivalents have been recommended for use in water quality monitoring
(Scott et al. 2014; Hamers et al. 2016).
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Estrogenic assays have been widely used in monitoring studies and measured
concentrations of known estrogenic substances often fail to account for all the
measured estrogenic response. Estrogenic and anti-estrogenic effects have been
reported for individual PAHs and mixtures of PAHSs, although the results are variable
depending on the receptor (o or ) or whether they are measured in a human or yeast
based cell line (Vraibie et al. 2010; 2011). Reports of supermaximal responses, i.e.
fluorescence formation higher than observed for E2, (at high hydrocarbon
concentrations) have been reported for some hydrocarbon mixtures in a yeast based
screen, but not in human receptor screens (Vrabie et al. 2010). Similarly results with
the YES assay do not always correspond with oestrogenicity measured in vivo
(Huggett et al. 2002). This variability shows that while receptor based assays may
have role in environmental monitoring, further investigation is generally required to
confirm a specific estrogenic response.

A relatively low number of substances cause androgenic responses, as measured in
receptor assays relative to the response of 5-alpha-dihydrotestosterone (DHT), a
potent androgen. For environmental monitoring, anti-androgenic activity measured by
co-exposing a substance or sample with DHT, and using flutamide (FLU) as an anti-
androgenic standard, is expected to be more relevant (Brack et al. 2016) than
androgenic responses alone. A broad range of substances (including PAHSs) are
known to be anti-androgenic in in vitro receptor assays (van der Oost et. al. 2017).

Three androgenic EBTs were considered as part of this review; two types of AR
activation assays (using hamster cell line or human bone marrow cell line) and a YAS
assay. All assays are based on small sample volumes and would be relevant for use
with passive sampler extracts. These assays have many of the same issues as the
oestrogen screens, such as being affected by antagonistic substances that may
present in an environmental mixture.

The AR activation assay using hamster cell line has been widely used for screening
single substances for androgenic activity and is standardised to an OECD guideline.
It has also been used in environmental studies, including in the TIPTOP study
(Hamers et al. 2016), but to a much lesser extent than the YAS assay. A trigger value
of 25 pg/L Flutamide FLU-EQ has been proposed for environmental monitoring using
the AR activation assay using hamster cell line for anti-androgenicity.

The AR activation assay using human bone marrow cell line has been applied in
monitoring studies in the Netherlands and Australia. Van der Oost et al. (2017)
proposes a trigger value of 25 ug/L FLU-EQ for anti-androgenic activity in the AR
activation assay using human bone marrow cell line assay (van der Oost et al. 2017),
however, this may be unrealistic given that Scott et al. (2014) could only detect anti-
androgenic effects at greater than 60 pg/L FLU-EQ in Australian surface water
samples. Nevertheless, in their assessment of anti-androgenic assays, Schriks et al.
(2015) conclude that the sensitivity of this and other similar assays would be sufficient
for detecting anti-androgenic effects in most environmental samples.

The YAS assay has been most widely applied for environmental monitoring of
androgenic and anti-androgenic activity over many years, and, as with the human cell
based assays, responses are more usually observed for anti-androgenic activity. The
assay has a lower sensitivity compared with the human receptor assays but is
potentially less vulnerable to cytotoxicity. A comparison of the YES assay and AR
activation assay using human bone marrow cell line, for use in monitoring hospital
wastewater found that while the assays varied in terms of sensitivity and robustness
they were both comparable in terms of classifying samples (Gehrmann et al. 2016).
Schriks et al. (2015), in their assessment of assays for use in drinking water, ranked
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the AR activation assay using human bone marrow cell line higher than the YAS or
AR activation assay using hamster cell line in terms of assay performance.

The TTR binding assay, while a relatively new development, has been adopted for
use in water quality monitoring, and has been shown to respond to passive sampler
extracts (Hamers et al. 2016; Vethaak et al. 2017). The assay is affected by a wide
range of substances, and therefore it may be more useful as marker of potential
adverse effects, rather than in the direct identification of substances that may act via
the thyroid system.

The main reason for using receptor assays for endocrine disruption is to detect potent
estrogenic and androgenic substances such as steroidal oestrogens that cause
effects at very low chemical concentrations, and that can be difficult to quantify
chemically in environmental samples. Other less potent substances may however
also interact with these receptors and can be implicated in the response. There is
some evidence for the estrogenic, anti-estrogenic activity and anti- androgenic activity
of hydrocarbons or oils in vitro although potency is generally very low (more than six
orders of magnitude for estrogenic activity) compared with reference substances
(Vrabie et al. 2011). Activity in in vitro assays does not mean that PAHs are endocrine
disrupters, and there is currently limited evidence for them fulfilling the EC definition
of an ED, which requires proof that the mechanistic responses cause adverse effects
in vivo. However, a positive response in an in vitro assay in environmental monitoring
studies could lead to speculation that PAHs may be contributing to the effect. This
could be an issue because it is rare that all the endocrine activity in an environmental
sample can be attributed to measured concentrations of specific substances with
known endocrine activity, and false positive responses are always a possibility. In the
absence of other specific endocrine disrupting substances, PAHs are considered
unlikely to exceed the reported trigger values for such assays.

Table 12 summarises the attributes of the EBTs measuring endocrine disruption
considered in this study, with respect to water quality monitoring.

Table 12 Endocrine disrupter bioassays — summary of attributes for water quality monitoring
L Use with Suitable for use
Validation - . . N .
Assay maturity 2 environmental Response to PAH with passive Supporting information
’ samples sampler extracts
Response affected by anti-
estrogenic substances.
Variable data; evidence Response affected by anti-
ER for estrogenic, anti- estrogenic substances.
activation 3 Frequently estrogenic and Yes
assay synergistic responses, Trigger values proposed.
but potency low.
High precision and repeatability
compared with other oestrogen
screens including the YES assay.
Response affected by anti-
Variable data: evidence estrogenic substances.
for estrogenic, anti- .
S Generally, less sensitive compared
YES 3 Frequently estrogenic and Yes with mammalian receptor assays.
synergistic responses,
but potency low. Supermaximal responses for some
oils difficult to interpret.
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S Use with Suitable for use
Validation - . . . .
Assay maturity * environmental Response to PAH with passive Supporting information
samples sampler extracts
Continued Table 12
AR Anti-androgenic response most
activation used for water quality monitoring,
assay . . . . response may be affected by
using 2 Occasional Anti-androgenic activity Yes androgenic substances.
hamster
cell line Trigger value proposed.
Anti-androgenic response most
AR used for water quality monitoring,
activation response may be affected by
assay androgenic substances.
hL:JSI’IT?ESn 2 Frequently | Anti-androgenic activity Yes Trigger value proposed.
bone
marrow High sensitivity compared with YAS
cell line assay but effected more by
cytoxicity.
Anti-androgenic response most
used for water quality monitoring,
response may be affected by
androgenic substances.
YAS 3 Frequently Anti-androgenic activity Yes
Low sensitivity compared with AR
activation assay using human bone
marrow cell line, but less affected
by cytotoxic effects.
Lacks validation.
TTR . .
Binding 1 Rarely Non-specific interaction Yes Affe_ct_ed by a range of substances
difficult to attribute cause and
effect.

1 Validation maturity based on a scale of 1-3 as outlined in the Norman Network validation guidance document (Norman
Network 2008)

4.3.
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GENOTOXICITY

Genotoxicity is relevant for assessment of PAHs because some congeners, such as
B(a)P (following metabolic activation), are known carcinogens.

A positive response in the Ames test is a measure of the occurrence of fixed mutations
that are heritable to the next cell generation. It demonstrates that an actual mutagenic
effect has occurred and indicates the potential for carcinogenicity. The assay has
been routinely used as an initial screen for mutagenicity in single substance
evaluations, and therefore has regulatory credibility. Standardised protocols exist for
water quality monitoring and the assay has been widely applied to environmental
samples. A drawback of the assay is that it can be relatively time consuming to
conduct, but miniaturised/ high-throughput test designs do exist and these have been
used in the assessment of passive sampler extracts (Rastall et al. 2004; Gallampois
et al. 2013; Vincent-Hubert et al. 2016). The assay is potentially less sensitive than
other EBTs investigating a similar effect (such as umuC), and the outputs are not
easily quantifiable, resulting in a challenge in the development of trigger values (van
der Oost et al. 2017a). Neale et al. (2017) found that only one of 22 substances tested
(B(a)P) responded positively in the Ames test, even though mode of action analysis
would have predicted genotoxic responses for a wider range of the substances tested.
A lack of sensitivity of the assay may be one explanation for the observed lack of
effects, however, the authors also note that for some of the substances tested there
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were water solubility issues. To address the issues with water solubility for some
substances, a so called Modified AMES test have been developed which can be used
as a screening tool for carcinogenicity of highly viscous or semi-solid petroleum
hydrocarbon streams (Concawe 2012b). However, the Modified AMES tests is more
of relevance for assessing full petroleum hydrocarbon streams than it is for surface
waters.

The micronucleus assay detects non-repairable chromosomal damage, and provides
an indication of carcinogenicity. Biological relevance is generally improved if a clear
dose-response can be demonstrated. The assay is a direct visible measure of
micronuclei formation in cells and has been standardised for use both in vivo
(biomarker response) and in vitro (in cell lines such as the Chinese hamster lung
fibroblast cell line V79). The in vitro assay is more applicable for use with passive
sampler extracts because of the low sample volumes required for direct exposure of
the cells. The sensitivity of the assay may be variable if cell lines other than the
Hamster V79 are used. The results from the micronucleus test can be reported based
on the relative potency to known genotoxicity agents, which can aid interpretation,
especially if chemical verification of substances of concern is carried out. The manual
assessment of the assay does, however, limit the test in terms of the maximal
throughput of samples (Brack et al. 2016).

The umuC assay is based on activation of the umuC gene as a measure of the SOS
repair response, and is therefore an indirect measure of DNA damage. A miniaturised
version of the test is available which is suitable for use with passive sampler extracts,
and the assay is widely applied in the assessment of single substances and
environmental samples. It is relatively sensitive to DNA damage, but has low
specificity compared with the Ames test. Genotoxicity can be expressed based on
relative potency and interpretation of effects have been made by deriving a trigger
values based on genotoxicity units (GTU) (Leusch et al. 2014). Kittinger et al. (2015)
report that it can be difficult to attribute cause and effect to samples responding
positively in this assay because a relatively high number of substances can cause a
response.

The hGADD45a activation assay and p53-pathway activation assay are both reporter
based assays and are similar to the umuC assay in that provide indirect measured of
the DNA repair response.

The GADD45a activation GFP reporter assay (based on a yeast cell line) was
assessed for use with environmental samples by Daniel et al. (2004), with some
limited success, but this assay is no longer readily available. The yeast based assay
has been replaced by the hGADD45a activation GFP reporter assay or a luciferase
assay (both based on human cell lines), both of which are routinely used for screening
single substances for genotoxic effects. These assays are designed to deliver a high
throughput of samples, and both provide quantitative and qualitative results based on
expression of the hGADD45a gene which is part of the genotoxicity stress response.
While the assays show some promise for use as screens for genotoxicity, there is
limited data available to support their use or validation with environmental samples.

The p53-pathway activation assay is also a reporter gene assay, using luciferase
activity to indicate the presence of p53-pathway activating compounds. The specificity
and sensitivity are reported to be similar to the hGADD45a activation assay, however,
false positive results have been reported for some substances (e.g. phenanthrene
(van der Linden et al. 2014)). The assay is similar to the hGADD45a activation assay
in that it requires low sample volumes, and can deliver a high throughput of samples,
but its previous use with environmental samples is limited.
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Table 13 summarises the attributes of the EBTs measuring genotoxicity considered
in this study, with respect to water quality monitoring.

Genotoxicity bioassays — summary of attributes for water quality monitoring

Table 13
validation Qse with Suqable for_ use
Assay -1 | environmental with passive
maturity
samples sampler extracts
Detects fixed mutations that are
heritable to the next cell generations.

Supporting Information

Response to PAH

Endpoint based on number of
Sensitive to B(a)P revertants.
with metabolic Yes
Positive or negative for mutagenicity.

3 Routinely
activation

Ames Il
More labour intensive than assays

that can be measured via

luminesence
Indicates induction of DNA damage
response.

Sensitive, early warning but low
chemical specificity.

Sensitive to B(a)P
with metabolic
activation

Yes Trigger values for genotoxicity

Routinely
available.

UmuC 3
Assay can be normalised to
genotoxic units (GTU) for comparison
with other assays.
Indicative for non-repairable
chromosomal damage.

Sensitivity of the endpoint in different
cell lines may vary.

Yes Can be reported based on REP to a

Micronucleus 3 Frequently Sensitive to B(a)P
known genotoxin.

in a cell line
Labour intensive due to manual

assessment of slides limiting sample
throughput.
Indicates induction of DNA damage
response.

hGADD45a
Occasional Not reported Yes High throughput.

activation
assay

Quantifiable response based on GFP
or luciferase activity.

Sensitive to B(a)P
with met?bOI'C Indicates induction of DNA damage
: activation.
p53-pathway Occasional response.

activation 2 (relatively new Assav appeared to Yes
assay assay) \Ssay app o Quantifiable response based on
give a false positive luciferase activity

result with ’

phenanthrene.
1 Validation maturity based on a scale of 1-3 as outlined in the Norman Network validation guidance document (Norman

Network 2008)
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Oxidative stress occurs when there is disturbance in the normal redox state of cells.
It can result in the generation of reactive oxygen species which can cause toxic effects
through the production of peroxides and free radicals that damage all components of
the cell, including strand breaks in DNA (which can lead to genotoxicity).

The ARECc32 is a luciferase based reporter assay which responds to induction of the
Nrf2-mediated oxidative stress response pathway. This assay has been shown to be
induced by the PAHSs, B(a)P and benzo(b)fluoranthene (Neale et al. 2017). There is,
however, considerable inter connection and overlap between the AhR pathway and
Nrf2 pathway, so induction in the AREc32 assay by B(a)P is not unexpected (Escher
et al. 2012). The assay has undergone some inter laboratory validation, it is suitable
for use with passive sampler extracts, is routinely used for environmental samples
and has had effect based trigger values derived for its response (Escher et al. 2013).
A relatively high number of substances induce the antioxidant response, meaning it
can be difficult to establish a substance-specific cause and effect (Escher et al. 2012;

Neale et al. 2017).

The Nrf2-pathway activation assay is an alternative assay for detecting oxidative
stress based on luciferase activity in response to four Electrophile Responsive
Elements (EpREs), and is currently undergoing preliminary validation with single
substances. The available data suggests that substances that respond in the AREc32
assay may not all be responsive in the Nrf2-pathway activation assay, although it is
not clear why the assays would give a different response. For example, B(a)P is a
potent inducer in the AREc32 assay (Escher et al. 2012) as might be expected based
on available mechanistic understanding (Goodale et al. 2013) but had no effect in the
Nrf2-pathway activation assay (van der Linden et al. 2014).

Table 14 summarises the attributes of the EBTs measuring oxidative stress
considered in this study, with respect to water quality monitoring.

Oxidative stress bioassays — summary of attributes for water quality monitoring

Assay

Use with
environmental
samples

Validation
maturity *

Response to
PAH

Suitable for use
with passive
sampler extracts

Supporting Information

Antioxidant
Response
Element
(ARE)c32
assay

2 Frequently

B(@)P is a
potent
inducer.

Yes

Induction ratio for response
reported.

Trigger value proposed for
drinking water assessment.

Cytotoxicity may mask
oxidative stress.

Responds to a wide range
of substances.

Nrf2-
pathway
activation

assay

2 Occasional

Assay did not
respond to
B(a)P.

Yes

1.5-fold induction indicates
positive response.

Assay still under
development.

1 Validation maturity based on a scale of 1-3 as outlined in the Norman Network validation guidance document
(Norman Network 2008)
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4.5.

60

METABOLISM

Assays indicative of AhR mediated induction of cytochrome P4501A (CYP 1A) were
considered as part of this assessment because of their specificity for dioxins and
dioxin-like substances, including PAHs. AhR receptor assays such as the AhR
activation assay or assays based on the induction of 7-ethoxyresorufin-O-deethylase
(EROD) are used to indicate the presence of PAHSs, particularly four-five ring PAHS,
and they have been widely used for environmental testing with activity being
expressed relative to either 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or B(a)P.

There are several AhR receptor assays based on different human cell lines which
respond to dioxin responsive substances with receptor agonism quantified based on
luciferase activity. The tests are generally optimised to detect more persistent dioxins
and dioxin-like substances, and this requires a pre-treatment step using sulphuric acid
to remove interfering substances. More readily degradable AhR receptor agonists are
removed via this pre-treatment. The contribution of the more degradable components
of the mixture to AhR receptor agonism can, however, be assessed by conducting the
assay without the pre-treatment, and by applying a shorter test duration. The pre-
treatment step is unlikely to be effective at removing all PAHs that would interact with
the AhR receptor ((e.g. benzo(b)fluoranthene and fluoranthene) (van Hattum et al.
2004). In general, responses to the full range of PAHSs likely to be present in refinery
discharges (which will include both relatively persistent and degradable substances)
would require tests both with and without the pre-treatment step.

A PAH-specific AhR receptor assay, based on a AhR activation assay but optimised
specifically to respond to the AhR activity from more readily biodegradable PAHSs, has
been developed by using a cell line with lower metabolic activity and a short test
duration (Pieterse et al. 2013). While optimised for PAHs, the assay will also respond
to many other substances, including dioxins and pharmaceuticals (e.g.,
cyclophosphamide) (van der Oost et al. 2017) and many others (Hamers et al. (2016)
highlighted that 2132 compounds with AhR-agonistic potencies were reported in the
ToxCast database. As with other receptor assays they are also affected by receptor
antagonists as well as agonists (and mixtures of PAHs could include both) which can
affect interpretation. The DR LUC assays are widely used for environmental
monitoring and effect based trigger values are being developed for these tools (van
der Oost et al. 2017).

The use of 7-ethoxyresorufin-O-deethylase (EROD) activity as a surrogate for AhR
mediated cytochrome CYP 1A induction is long established as a biomarker endpoint
measured in vivo in fish. It is routinely used in monitoring activities related to the oil
and gas industry, despite its well documented limitations which include interferences,
and the fact that it only responds to certain PAHs (wca 2017). The assay has been
adapted for use in in vitro cell lines including a rainbow trout liver cell line (RTL-W1)
which is suitable for use with environmental samples including passive sampler
extracts. The assay arguably has more relevance than the AhR receptor assays
because it measures actual enzyme induction in a cell line from a relevant organism.
The response is, however, less sensitive than the DR LUC assays, can produce
variable results, and can be affected by substances that cause substrate inhibition
(Eichbaum et al. 2014).
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Table 15 summarises the attributes of the EBTs measuring metabolism considered
in this study, with respect to water quality monitoring.

Oxidative stress bioassays — summary of attributes for water quality monitoring

Table 15
validation Use with Sui_tablefor_ use - _
Assay maturity * environmental | Response to PAH with passive Supporting information
samples sampler extracts
Specific for AhR
receptor agonists
including PAHSs.
Cytotoxicity or colour of
Sorgﬁtg’@g;ﬁ?ow samp.le may affect r.esults
ANR activity. at high concentrations.
activation 3 Frequently Yes .
assays Different sample Ah?nﬂ?gﬁ%cg;\fitts can
preparation and Y-
test durations are Trigger value proposed
required for '
detection of more
readily degradable
PAHSs.
Cytotoxicity or colour of
sample may affect results
at high concentrations.
AhR Specific for AhR AhR antagonists can
activation Occasional receptor agonists inhibit activity.
assay (with 2 . but optimised for
(relatively new . Yes "
more assay) use with more Sensitive to othe_r
specificity biodegradable substances including
for PAHSs) PAHSs. dioxins and
pharmaceuticals (e.g.,
cyclophosphamide).
Trigger value proposed.
Confounded by
substances that can inhibit
the response.
. Specific for A.hR Yes Less sensitive than AhR
In vitro receptor agonists reporter gene assays
EROD including PAHSs. Result needs to '
induction / be normalised for Can produce variable
CYP 1A 2 Frequently Does not protein
L . . . results.
activity differentiate concentration
based on between Dioxin | which is a limiting .
. More ecological relevance
cell lines substances and | factor for sample d with AR
PAHSs. throughput. compared wi .
reporter gene assays as it
demonstrates upregulation
of a protein rather than just
receptor mediation.

(Norman Network 2008)

! Validation maturity based on a scale of 1-3 as outlined in the Norman Network validation guidance document
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CONCLUSIONS

The assessment in this section are provided with the intent of choosing a suite of
bioassays that could be combined with passive samplers to assess waters receiving
refinery discharges.

The suite of bioassays are, however, restricted to those assessed in the present
study, and are based on the information identified in this review, and the relative
advantages and disadvantages of using each of the assays, as detailed in the
previous sections. A pilot monitoring activity may be needed, where some assays are
found not to provide useful information and can be dropped, or where, for some
endpoints, another assay may need to be trialled as a substitute. In addition, it is
recognised that new bioassays are continually being developed, and those currently
at a relatively early stage of validation are in the process of being standardised and
demonstrated to be reproducible.

The selection of bioassays for any environmental assessment will depend largely on
the specific objectives of the study, and therefore it is always recommended that a
detailed problem formulation assessment is conducted prior to undertaking any
monitoring based activity. The bioassays will vary depending on the environmental
compartment of concern, the substances of concern and the study objectives (e.g.
site prioritisation, comparison with a reference site, or whether there is a threshold of
response above which risks are inferred).

In general, while the results of the initial monitoring work are likely to be primarily
derived for internal assessments, it is the opinion of the authors that the suite of
bioassays applied should also be comprehensible to a broad regulatory audience (or
at least those in the regulatory community with the required knowledge and expertise).
Therefore, it seems sensible to include both assays that provide a general indication
of ‘whole’ toxicity (generally whole organism tests) and a targeted array of more
specialist, supporting in vitro assays investigating specific endpoints or substance
specific properties (e.g. oestrogenicity, genotoxicity, etc.).

In terms of whole organism tests, the suite of tests follows the traditional (limited)
hazard assessment approach to taxonomic coverage and include at least a primary
producer (i.e. algae), a primary consumer (i.e. an invertebrate), and a secondary
consumer (e.g. fish), with the addition of an assay using bacteria. A similar approach
is taken by van der Oost et al. (2017a) when proposing whole organism methods for
surface water monitoring.

At the primary producer level, the miniaturised (96 well plate using fluorescence as a
surrogate for cell density) version of the standardised algal tests (OECD 201 or
ISO 10253), is likely to prove the optimal algal assay for use with passive sampler
extracts. While the alternatives considered in this study (combined algal growth and
photosynthesis, and algal PAM) do have their advantages in specific circumstances,
their lack of validation and pedigree for use in environmental assessments, and
reduced sensitivity to substances relative to the standard algal test, mean that they
are unlikely to offer any advantage over the standard algal test.

Similarly, the standard Daphnia immobility test is included in the suite of assays for
use in the assessment of extracts from passive samplers deployed in freshwaters in
preference to the Daphnia Magna metabolic activity test, the ‘toxkit’-type methods
(using either Thamnocephalus platyurus (ISO 1430) or Brachionus calyciflorus (1ISO
19827)) or the C. elegans reproduction test. Again, degree of standardisation and
validation, and pedigree for use in environmental assessments makes it difficult to
discount this test in favour of the others considered in this study. In addition, the
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Daphnia Magna metabolic activity test appears to suffer from some interpretational
difficulties, and the C. elegans test is somewhat environmentally irrelevant for the
assessment of water samples, and tends to be less sensitive than the Daphnia test.

For marine waters, it is more difficult to distinguish between the tests considered in
the present study on the basis of standardisation, validation maturity or environmental
assessment pedigree. On balance, the bivalve embryo-larval test is included in the
suite of assays, primarily because it is highly amenable to the high throughput of low
volume samples, and because of its greater sensitivity to many contaminants
compared to the other tests, which may be helpful in providing resolution between the
effects inferred by extracts from different sites/ passive sampler deployments.

As highlighted in the earlier sections, whole fish (including embryos) are not included
in the suite of assays for the monitoring of waters receiving refinery effluents.
Primarily, this is based on ethical considerations, the fact that fish tend to be less
sensitive to hydrocarbon pollution than lower organisms, and the relatively high
sample volumes required for such tests. Nevertheless, an in vitro fish cell line
cytotoxicity assay is included, at least in the initial stages of the monitoring
programme, in order to support the other in vitro assays (see below), since many
utilise vertebrate cells and therefore a measure of fish cell toxicity may assist in the
interpretation of the results of such assays.

While the Allivibrio fischeri toxicity test assay is very widely applied in environmental
assessments, in particular for providing a very rapid screening of numerous samples,
a multi-species microbial toxicity test assay, although taking longer to produce results
than the Allivibrio fischeri toxicity test, shows much promise in terms of validation and
use for environmental assessments. A multi-species microbial toxicity test also has
the advantages of exposing a large number of different species concurrently, and
allowing the ‘fingerprinting’ of toxicity to specific groups of substances. This may be
particularly useful in ascertaining if effects are likely to be due to hydrocarbons or
other types of substances in a sample. For these reasons, both the Allivibrio fischeri
toxicity test and a multi-species microbial toxicity test are included in the suite of
assays, at least for the initial stages of the monitoring programme.

Of the estrogenic EBTs reviewed here, the ERa activation assay and YES assays are
considered to be most mature in terms of validation, and both have been widely
applied to environmental monitoring. The human cell based assays are, however,
generally more sensitive than yeast based assays, and therefore ERa activation
assay is included in the suite of assays.

Similarly, for androgenic and anti-androgenic activity the assays based on human
receptors appear to have the advantage of greater sensitivity compared with the YAS
assay and appear to be increasingly used for water quality monitoring. It is difficult to
differentiate between the AR activation assay using hamster cell line and the AR
activation assay using human bone marrow cell line in terms of validation maturity,
but Schriks et al. (2015) considered the human bone marrow cell line one to be slightly
superior to the hamster cell line one for the assessment of drinking water samples
based on overall performance. Moreover, the AR activation assay using human bone
marrow cell line is more frequently applied to the assessment of environmental
samples than the AR activation assay using hamster cell line. The AR activation assay
using human bone marrow cell line is therefore considered as the optimal selection
for the assessment of (anti-)androgenic activity.
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The TTR binding assay is relatively novel and the available information on its use for
monitoring purposes suggests that, while it is responsive to environmental samples,
the ability of the test to predict specific effects on the thyroid pathway or in identifying
substances that might target this pathway is not yet fully developed. There is currently
considerable interest in improving the regulatory tests relating to ED effects via the
thyroid pathway, and it is anticipated that there will be relatively rapid future
development and validation of this, or similar, thyroid pathway screening assays.
The TTR binding assay is not, however, considered to be sufficiently developed for
inclusion in routine monitoring at this time.

The five genotoxicity assays reviewed in this study provide different measures for
genotoxicity and, depending on the purpose of the monitoring, more than one assay
could reasonably be applied in order to provide more information on the type of DNA
mutation that is occurring (Brack et al. 2017). The Ames test provides a definitive
measure for an actual genotoxic effect and is more specific for genotoxicity (less false
positives) compared with the assays based on DNA repair. The value of the
genotoxicity assays based on the DNA repair response should not, however, be
overlooked since these assays are more readily quantifiable and more sensitive than
the Ames test. Of the three assays that are based on a DNA repair response, the
umuC is the most mature in terms of validation and has considerable pedigree for use
with environmental samples. Therefore a combination of the Ames and umuC assays
to assess potential genotoxic effects in waters receiving refinery discharges are
included in the suite of assays. While the micronucleus assay is well validated and
often used in the assessment of environmental samples, it is particularly labour
intensive compared to the other assays (owing to the need to visually assess samples
for chromosomal damage) and does not lend itself to the high throughput of samples.

Of the two oxidative stress assays evaluated, the AREc32 is more mature in terms of
validation, is more commonly applied to environmental samples and has been shown
to respond to certain PAHs. Given that the Nrf2 pathway and AhR pathway are known
to be linked, there would be value in including this assay in a suite of assays for
monitoring hydrocarbon pollution to aid interpretation of the results seen in other tests
(e.g. genotoxicity and metabolism assays), however, the Nrf2-pathway activation
assay is not yet considered to be sufficiently validated or proven with environmental
samples to be a reliable inclusion in the suite assays.

Assays indicative of AhR mediated toxicity are included in a battery of in vitro tests
for assessing hydrocarbon pollution because they tend to be responsive to PAHs. The
AhR activation assay is more sensitive and less vulnerable to confounding factors
compared with the direct measurement of EROD induction in a cell line, and has been
routinely applied in environmental monitoring. In addition, a supporting assay for
detecting the contribution to AhR receptor effects of the more degradable PAH
fraction, a PAH specific AhR activation assay, can be applied in tandem with the AhR
activation assay. Therefore, both assays are included in the suite of assays.

The full suite of assays that could be used for assessment of sites receiving refinery
effluents, along with assay-specific trigger values (identified in the literature review)
are summarised in Table 16. It should be noted that the bioassays assessed in the
present study are by no means assessed in terms of availability with regard to being
“available techniques” as defined by the Industrial Emissions Directive (IED;
2010/75/EU) article 3(10). Moreover, the suite of bioassays are restricted to those
assessed in the present study, and are based on the information identified in this
review, and the relative advantages and disadvantages of using each of the assays.
In addition, it is recognised that new bioassays are continually being developed, and
those currently at a relatively early stage of validation are in the process of being
standardised and demonstrated to be reproducible.
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Table 16 Suite of assays that could be used for assessment of sites receiving refinery
effluents (applied to passive sampler extracts)
Assay Assay type Trigger value 123 Reference
Toxicity to Allivibrio No trigger value found
fischeri (1ISO 11348); In vivo but a similar approach -
e.g. MicroTox™ can be used as for other
in vivo assays.
Multi-species microbial No trigger value found
toxicity test; e.g. MARA/ In vivo but a similar approach -

LumiMara

can be used as for other
in vivo assays.

Miniaturised Daphnia
acute test (OECD 202)

In vivo (freshwater)

0.05 toxic units 3

Van der Oost et al. 2017a

Microplate Algal growth
tests (OECD 201 or
ISO 10253)

In vivo

0.05 toxic units

Van der Oost et al. 2017a

Bivalve embryo
development test (ICES
No.54)

In vivo (marine)

No trigger value found
but a similar approach
can be used as for other
in vivo assays.

Cytotoxicity in a

In vitro / adverse

0.05 toxic units

Van der Oost et al. 2017a

Oxidative stress

ratio (ECIR*) 1.5=6
REF

Rainbow Trout cell line effect
(RT Gill-W1)
0.005 genotoxic units.
Ames test Genotoxicity o . Van der Oost et al. 2017a
Positive or negative for
mutagenicity.
umuC Genotoxicity 0.005 genotoxic units. | Van der Oost et al. 2017a
ER activation assay; Endocrine 0.2-0.5ng/L Scott et al. 2014; Hamers
e.g. ER CALUX® Disruption Oestrogen equivalents etal. 2016
(EEQ).
AR activation assay; Endocrine 25 mg Flutamide (FLU) | /4 ger 0ost et al. 2017a
e.g. AR CALUX® Disruption EQ/L '
50 pg 2,3,7,8-
- : Tetrachlorodibenzo-p- | Van der Oost etal. 2017a
AhR activation assay Metabolism dioxin (TCDD)-EQ/L
16.2 pg TCDD-EQ/L Hamers et al. 2016
AhR activation assay ] 150 ng Benzo(a)pyrene
(with more specificity Metabolism QI]B(a)P-EQ/IE)y Van der Oost et al. 2017a
for PAHS)
EBTV-Effective
ARECc32 concentration induction Escher et al. 2012

I Trigger values derived by Van der Oost et al. (2017a) are for use with passive samplers and conservatively assume
that only 50% of the mixture is recovered as part of the passive sampler extract. The trigger values for whole
organism assays are based on extrapolation of acute effects to chronic toxicity based on applying a factor of 10.

2 Toxic unit = 1/Relative Enrichment Factor (REF) where the REF is calculated by dividing the sample concentration
from solid phase extraction by the dilution in the assay (Leusch et al. 2014)
3 Effect based trigger values (EBTV) are not intended to be used in isolation and the results should be considered
as part of an overall assessment including results for other EBTs for example as proposed by the SIMONI approach

(Van der Oost et al. 2017b).

4 EC-IR is the concentration causing an induction ratio (IR) of 1.5 (ECIR 1.5)
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APPENDIX 1 PASSIVE SAMPLING

Passive sampling describes the use of devices maintained in situ within the water column or that,
over time, passively (i.e. by diffusion) accumulate substances that are present in the water. This
process therefore facilitates the analysis of substances (or mixtures of substances) that are diffuse
in the environment by concentrating them on the sampler. The accumulated substances can then
be extracted from the device and the concentrations of specific substances measured, or the
extracts can be utilised in effect-based assays. Because they concentrate substances over time,
passive sampler extracts do not directly represent the concentrations of substances present in the
deployment environment, and these must be adjusted to account for the deployment time to
estimate environmental concentrations (i.e. time weighted average concentrations). Similarly, the
concentration of substances within the sampler may mean that passive sampler extracts (i.e.
chemical mixtures) can illicit responses in biological assays which would not be sufficiently
sensitive to respond to the actual environmental samples (i.e. the same mixture of substances at
environmentally realistic concentrations). Therefore, it is important to highlight that effects
measured in biological assays applied to passive sampler extracts does not mean that adverse
effects are occurring in the environment. Nevertheless, such an approach may be useful in
comparing and prioritising sites for further investigation.

There are typically two types of passive sampler, partition-based passive samplers (PB-PS) which
accumulate hydrophobic substances, including hydrocarbons, and adsorption-based passive
samplers (AB-PS) which adsorb polar organic compounds. AB-PS samplers are less well
developed compared with the PB-PS samplers, and are based on diffusion through porous
membranes and sorption onto adsorbent materials. Examples include Speedisk (Hamers et al.
2016) and Polar Organic Chemical Integrative Sampler (POCIS). PB-PS samplers are based on
diffusion and adsorption, usually to a non-porous polymer such as polyethylene or
polydimethylsiloxane (PDMS). Examples include semi-permeable membrane devices (SPMDs),
low density polyethylene (LDPE) strip samplers, and silicone strip samplers (ICES 2012).

When deployed, substances will initially be absorbed in the PB-PS device at a rate directly
proportional to their aqueous concentration until this approaches equilibrium (linear uptake stage;
Figure Al). The time to equilibration is usually longer for substances with a high octanol water
partition co-efficient.
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Figure Al Contaminant amounts absorbed by passive samplers as a function of time
(ICES 2012)
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Uptake onto PB-PS samplers generally depends on factors such as exposure time, water flow and
temperature, and therefore the concentration of substances accumulated by devices is quantified
by assessing the dissipation of Performance Reference Compounds (PRCs), which are spiked
onto the sampler prior to deployment (ICES 2012). ICES (2012) guidance exists for the application
of silicone rubber-based passive samplers for surface water monitoring, and polymer-water
partition coefficients (Kpw) have been derived for several groups of substances (including Polycyclic
Aromatic Hydrocarbons (PAHSs)) for these types of sampling device. These silicone rubber
samplers were applied in the TIPTOP survey for detecting non-polar substances, including
hydrocarbons.

Accumulated substances are extracted from the sampler and extracts cleaned-up, followed by
transfer to non-polar solvents, before chemical analysis (Liquid or Gas Chromatography combined
with Mass Spectrometry (LC-MS or GC-MS)). Aqueous concentrations are calculated based on
the water sampling rates of the sampler, which are calculated using the ratio of PRC concentration
at the beginning and end of the device deployment. These values may be further corrected based
on sampling timeframe and uptake models in cases when the sampling has not reached
equilibrium. Sampling rates and equilibration time can be enhanced by maximising the sampler
surface area to volume ratio and by minimising the resistance to accumulation of substances,
which can be enhanced by coating samplers with very thin film sheets made from polymers with
rapid chemical diffusion capability (such as silicone rubber) (Brack et al. 2016). In general, up to
1000 times concentration (compared to environmental concentrations) can be achieved using
silicone rubber devices for hydrophobic substances (Vethaak et al. 2017).

Extracts from passive samplers are increasingly being tested using bioassays in an effort to link
biological and chemical measurements. However, there are technical challenges in this approach
because extracts from PRC spiked samplers cannot be used in bioassays, there is a potential for
extract solvent toxicity and sampler extract volumes are usually very small. In general, such issues
are addressed by deploying separate samplers in the same location for chemical and biological
analysis, ensuring that sampler extracts are diluted sufficiently to prevent solvent toxicity (which
obviously also affects the maximum extract concentration that can be tested), and maximising
sample volume by applying larger sampling devices (e.g. PDMS) since sampler size limits sample
volume.
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As passive samplers take up individual contaminants at different rates, and the uptake rateis
dependent on the variable compound properties of the contaminants, the effect measured in
passive sampler extracts can only be considered as an estimate of the actual effects in the
environment. Brack et al. (2016) suggest the passive sample extracts broadly reflect the uptake of
substances into an organism, but obviously do not account for metabolism. For example, more
bioaccumulative substances with higher lipid partitioning properties would be expected to be more
concentrated within an extract. Passive sampler extracts have the advantage of providing a
method for integrating exposure over time, which has often been a criticism of traditional surface
monitoring using bioassays. Overall, studies on the biological effects of passive sampler extracts
are generally limited to qualitative assessment (rather than a definitive hazard or risk assessment).
The results from such a study could therefore be helpful in the prioritisation of sites that might be
of environmental concern for further investigation.
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