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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Microalgal bioassays are widely applied to evaluate the potential toxicity of various persistent toxic substances in
environmental samples due to multiple advantages, including high sensitivity, short test duration, and cost-
effectiveness. Microalgal bioassay is gradually developing in method, and the scope of application to environ-
mental samples is also expanding. Here, we reviewed the published literature on microalgal bioassays for
environmental assessments, focusing on types of samples, sample preparation methods, and endpoints, and
highlighted key scientific advancements. Bibliographic analysis was performed with the keywords ‘microalgae’
and ‘toxicity’ or ‘bioassay’, and ‘microalgal toxicity’; 89 research articles were selected and reviewed. Tradi-
tionally, most studies implementing microalgal bioassays focused on water samples (44%) with passive samplers
(38%). Studies using the direct exposure method (41%) of injecting microalgae into sampled water mainly
evaluated toxic effects by growth inhibition (63%). Recently, various automated sampling techniques, in situ
bioanalytical methods with multiple endpoints, and targeted and non-targeted chemical analyses have been
applied. More research is needed to identify causative toxicants affecting microalgae and to quantify the cause-
effect relationships. This study provides the first comprehensive overview of recent advances in microalgal
bioassays performed with environmental samples, suggesting future research directions based on current un-
derstanding and limitations.
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1. Introduction

Coastal environments are threatened by increased levels of toxic
substances, including pesticides, pharmaceuticals, and industrial
chemicals, originating from anthropogenic activities (Escher et al.,
2008a; Lee et al., 2020). Accurately assessing the degree of contami-
nation of persistent toxic substances (PTSs) in environmental samples
and their potential toxicological effects is very important for the man-
agement of healthy coastal ecosystems. PTSs in seawater and sediments
can adversely affect coastal pelagic and benthic organisms and accu-
mulate in the body due to their low biodegradability. There are a very
large number of PTSs in environmental samples; thus, there is a limit to
evaluating adverse effects on organisms only by target chemical analysis
(Brack, 2003; Hong et al., 2016a). Mixture toxic effects (e.g., synergistic
or antagonistic effects) between (un)known toxic chemicals in envi-
ronmental samples may occur, which raises ecotoxicological concerns.
In addition, the bioavailability of PTSs and specific mechanisms of
biological effects remain poorly understood in target chemical analysis.

* Corresponding authors.

Thus, in order to accurately evaluate and predict the potential risks
posed by PTSs in environmental samples, both chemical-based assess-
ment and effect-based assessment should be performed together (Khim
and Hong, 2014).

(Eco)toxicological tests are defined as exposing different trophic
levels of organisms (i.e., microalgae, zooplankton, and fish) to envi-
ronmental mixtures of chemicals to assess biological responses. Aquatic
organisms could be directly exposed to PTSs, among which the toxic
effects of microalgae are of serious concern (Torres et al., 2008; O’ Neill
et al., 2019). Since microalgae play an important role as primary pro-
ducers in the marine ecosystem, the toxic effects of microalgae may
disrupt the ecosystem balance. Adverse effects on microalgae could
negatively impact higher trophic-level organisms, such as zooplankton
and fish (Nestler et al., 2012). Microalgae respond immediately to toxic
substances in samples, with their rapid growth rate, high surface-to-
volume ratio facilitating short response times, and strong sensitivity
(Aruoja, 2011; Bauer et al., 2012; Nestler et al., 2012). Thus, microalgae
are considered a useful and crucial indicator to evaluate the
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deterioration of environmental quality. Microalgal bioassays have been
used to evaluate the toxic potential of single compounds in many
studies, and studies evaluating the effects of complex mixtures are
limited. Thus, an improved understanding of the ecotoxicological effects
of microalgae caused by PTSs in environmental samples is needed.
Microalgal bioassays have been used for toxicity screening of
chemicals for the past 40 years; more recently (since 2002) have been
applied to assessing potential toxicity in environmental samples
(Fig. la). This delay may be due to the difficulty of implementing
microalgal bioassays in methodological and analytical aspects associ-
ated with the complexity of environmental samples. We collected case
studies of applying microalgal bioassays to evaluate the potential
toxicity of PTSs in environmental samples and conducted an in-depth
review. A particular focus has been set on methodological advances,
including test species (Section 2), sample types and sample preparation
(Section 3), and toxicological endpoints of microalgal bioassays (Section
4). Studies performed with a combination of chemical analysis and
microalgal bioassay are discussed in Section 5. This review provides the
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development, current status, and knowledge gap of environmental
assessment using microalgal bioassays and suggests directions for future
research.

2. Literature collection and keyword analysis

Peer-reviewed articles on microalgal bioassays for assessing adverse
effects of environmental toxicants were searched with keywords
‘microalgae’ and ‘toxicity’ or ‘bioassay’, and ‘microalgal toxicity’ using
Scopus (https://www.scopus.com/). Scopus offers an extensive collec-
tion of scholarly materials from various publishers, regularly updated to
provide the latest information and presented in a user-friendly manner
(Al-Jabi, 2017; Falagas et al., 2008). A total of 485 articles were found
from 1980 to 2021 (Fig. 1a). All of these papers were reviewed in detail
one by one. Among them, 89 papers related to environmental assess-
ment using microalgal bioassays were selected, and their methodology
for microalgal bioassays was reviewed (Fig. 1a). These papers include
both the traditional microalgal bioassay methods most used by
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Fig. 1. (a) Number of publications on microalgal bioassay over the last 40 years. (b) Network analysis of keywords in abstracts and titles from reviewed articles (89
papers). (c) Percentage of published methods on species composition used in microalgal bioassays performed for environmental assessments.


https://www.scopus.com/

J. Lee et al.

researchers in this field and the novel methods recently introduced. The
major topics (keywords) and similarities of the reviewed articles were
identified through network analysis using VOS viewer software (Van Eck
and Waltman, Leiden University, Leiden, The Netherlands; version
1.6.10). This software was developed to provide research trends as
concise bibliometric networks graphics by recognizing keywords or
frequently mentioned words in titles and abstracts (van Eck and Walt-
man, 2010). The occurrence of keywords was expressed as a positive
correlation with the size of circles (Lee and Khim, 2022) (Fig. 1b). Only
keywords that occurred more than four times were used in the final
analysis. Out of 3,126 keywords, 72 keywords met the criteria. These
keywords were separated into five groups. Based on two standard
weighting scores, “Links score” and “Total link strength score” (Stephan
et al., 2017), the top five keywords in each group were listed (Fig. 1b).

Most of the top five keywords were related to types of samples (e.g.,
water, sediment, and wastewater), methods of sample treatment (e.g.,
extract, elutriate, and fraction), and endpoints (e.g., growth rate and cell
viability). Pseudokirchneriella subcapitata was the only microalgal species
included as a keyword, and the crustacean Daphnia magna was also
included (Fig. 1b). This result indicated that P. subcapitata was the most
used microalgal species (36 papers) out of 33 species used in the
reviewed articles (Table 1). P. subcapitata is also commonly known as
Raphidocelis subcapitata or Selenastrum capricornutum. It is a unicellular
alga that has been used as standard species for ecotoxicological tests of
freshwater ecosystems by the International Organization for Standard-
ization (8692:2012) guidelines (ISO, 2012) and Organisation for Eco-
nomic Cooperation and Development (OECD) method 201 (OECD,
2006), due to its high growth rate, sensitivity, and reproducibility
(Table 1). The second most used microalga was Phaeodactylum tri-
cornutum. P. tricornutum is a marine diatom that is used in ecotoxico-
logical tests for coastal ecosystems. This microalgal bioassay is an
internationally accepted toxicity test procedure (ISO 10253) (Moreno-
Garrido et al., 2007; Zhuravel et al., 2009; ISO (The International Or-
ganization for Standardization), 2006) (Table 1). This species is tolerant
of wide salinity fluctuations, making it suitable for the evaluation of
estuarine environments (Santos et al., 2002).

Microalgal bioassays are traditionally performed using a single
standard species (34% of all reviewed papers). In recent years, mixed
species have been increasingly used (4%). In other words, various
microalgal species are mixed in a single medium and exposed to one
sample. This approach reflects natural plankton assemblages with
environmental conditions more relevantly (Fig. 1c). The mixed species
bioassay is desirable because the natural environment contains diverse
populations of microalgae competing for light, nutrients, trace elements,
and/or produce substances, which could affect the growth of other
species (Sharp et al., 1979; Gross, 2003).

Assessments of multiple species (20%) have increased, whereby the
same sample is exposed to various microalgal species separately treated
with different mediums (Fig. 1c). Previous studies have shown that the
sensitivity to pollutants differs by about one order of magnitude,
depending on the microalgal species being tested (Pavlic¢ et al., 2005;
Claessens et al., 2013). Cell size is considered a factor that may explain
the species-specific toxic effects of various contaminants (Litchman and
Klausmeier, 2008). Previous studies have shown that smaller cells have
a larger surface-to-volume ratio, which results in higher uptake rates of
toxic substances (Ben Othman et al., 2012, 2023; Echeveste et al., 2010).
Thus, assessing the state of the environmental health with only one
species of toxicity outcome may sometimes not be accurate. Since the
toxic response of microalgae depends on the characteristics of pollutants
and the sensitivity of test species, it is crucial to select an appropriate
bioassay method.

A number of (eco)toxicity studies have assessed the biological effects
of different trophic levels with microalgae, accounting for about half
(45%) of all reviewed articles. Different trophic-level organisms,
including bacteria (decomposer), crustaceans (consumer), and fish
(consumer) were frequently used with microalgae (producer) (Fig. 1c).
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For this reason, D. magna was included in the top five keywords in group
5 (Fig. 1b). As a result of a detailed review of the collected literature, the
most frequently performed bioassay with microalgal assay was the
luminescent bacteria test (LBT). This test is related to the energy
metabolism of a bacterium and is used to measure baseline toxicity. The
LBT was not included in the top five keywords because the keywords
were separated as Microtox (assay name) and Vibrio fischeri (species
name) (Table 1). In addition, the crustacean Daphnia sp. bioassay (DB)
and fish embryo test (FET) are widely used together with microalgal
bioassays (Hafner et al., 2015; Minguez et al., 2016; Wu et al., 2018).
The use of species from different trophic levels in bioassays is important
to better understand the potential risk of pollutants in real environ-
ments. It is recommended that future studies use a strategy that includes
multiple species from different trophic levels inhabiting the same
environmental conditions. Overall, the bibliometric network analysis
provided a useful starting point for reviewing the published articles
regarding the scientific evolution of microalgal bioassays.

3. Exposure of environmental samples to microalgae
3.1. Types of environmental samples

Among the environmental media, 44% of microalgal bioassays were
conducted to assess the adverse effects of pollutants in water samples
(Fig. 2). Water samples included freshwater, brackish water, and coastal
seawater. Studies conducted in freshwater regions, including lakes and
rivers, accounted for 51% of all studies on water samples, followed by
brackish regions (estuaries and inland creeks) (27%), and coastal re-
gions (22%). Toxicity evaluation of freshwater samples is in high de-
mand compared to seawater; thus, the number of standard test species of
freshwater microalgae has been developed more than those of marine
species (Bandow et al., 2009a, 2009b; Moreno-Garrido et al., 2007).
Water samples are widely used in microalgal bioassays because of the
convenience of preparing the culture media with the water sample to be
tested. The toxic effects of primary producers in water samples are
ecologically significant (Booij et al., 2014). Microalgae respond very
sensitively to water pollution and can serve as an early pollution
warning indicator (Emelogu et al., 2013).

Next, microalgal bioassays were frequently applied to sediment
pollution assessment (27%) (Fig. 2). Sediments are considered the final
sink of contaminants in freshwater and coastal environments and reflect
a longer period of contamination compared to water samples (Hong
et al., 2016a, 2016b). Microalgae do not come into direct contact with
bottom sediments, but sedimentary pollutants could be eluted into the
water column, and resuspended sediments can be exposed to microalgae
(Bandow et al., 2009a; Lee et al., 2020). Thus, it is important to evaluate
the ecotoxicological effects of sedimentary pollutants. Thirdly, the
environmental medium to which the microalgae bioassay was widely
applied was effluent (21%). The treated water that has undergone
sewage treatment or wastewater treatment is directly discharged to the
nearby aquatic environment, and untreated pollutants can affect the
aquatic ecosystem (Bellemare et al., 2006; Cai et al., 2020). Microalgal
bioassays have been used to assess the potential risk of (un)known
pollutants in effluents (Meric et al., 2005; O’Neill et al., 2019; Tousova
et al., 2018; Vermeirssen et al., 2010).

During the last five years, risk assessments of particle samples in the
environment have been performed, with examples including vehicle-
emitted particles (VEPs) (Pikula et al.,, 2019, 2021). Although VEPs
and fine dust have received increasing attention, there remains a lack of
studies on particles in the aquatic environment (Takahashi and
Yokoyama, 2016). Certain types of fine atmospheric particles bring
pollutants into aquatic ecosystems via wet and dry depositions and
surface runoff (Takahashi and Yokoyama, 2016). Recently, studies on
the distribution and behavior of fine atmospheric particles, road dust,
and microplastics in the environments have been actively conducted
(Pikula et al., 2021), and there are concerns about the potential risks to



Table 1
A summary of microalgal species for environmental pollution assessment.

Species #° Phylum Class Habitat Characteristic Standard # of publication References
species (Multi-trophic %)
Fresh Brackish Marine Pelagic Benthic LBT DT FET
(26) (18) 9)
Raphidocelis subcapitata © 36 Chlorophyta Chlorophyceae A A% A% 16 14 5 1-36
(Pseudokirchneriella subcapitata)
Phaeodactylum tricornutum ¢ 14 Bacillariophyta Bacillariophyceae A% v A% 34, 37-50
Chlorella vulgaris 10 Chlorophyta Chlorophyceae A v 3 1 1 8, 14, 15, 32, 40, 51-55
Dunaliella tertiolecta © 8 Chlorophyta Chlorophyceae \Y v 1 49, 56-62
Isochrysis galbana 6 Haptophyta Prymnesiophyceae \% \Y% 4 1 44, 48, 49, 63-65
Scenedesmus vacuolatus 4 Chlorophyta Chlorodendrophyceae A v 66-69
Desmodesmus subspicatus © 2 Chlorophyta Chlorophyceae A v 1 1 1 34,70
Diacronema lutheri 2 Haptophyta Pavlovophyceae \Y \Y \Y 1 71,72
Microchloropsis gaditana 2 Ochrophyta Eustigmatophyceae A% v 63,73
(Nannochloropsis gaditana)
Navicula sp. 2 Bacillariophyta Bacillariophyceae \% v \Y% v 39,74, 75
Skeletonema costatum 2 Bacillariophyta Bacillariophyceae \Y v \Y 41,76
Tetraselmis chuii 2 Chlorophyta Chlorodendrophyceae A% A% 63, 64
Tetradesmus obliquus 2 Chlorophyta Chlorophyceae \% A% v 1 77,78
(Scenedesmus obliquus)
Tetraselmis suecica 2 Chlorophyta Chlorodendrophyceae A% v 79, 80
Attheya ussuriensis 1 Bacillariophyta Bacillariophyceae A v 81
Chaetoceros muelleri 1 Bacillariophyta Bacillariophyceae \Y A% 81
Chlorella kessleri 1 Chlorophyta Chlorophyceae A% v 82
(Parachlorella kessleri)
Cylindrotheca closterium 1 Bacillariophyta Bacillariophyceae A A A% 83
Entomoneis sp. 1 Ochrophyta Bacillariophyceae v 84
Euglena gracilis 1 Euglenozoa Euglenoidea A v 85
Heterosigma akashiwo 1 Ochrophyta Bacillariophyceae A v 86
Lepocinclis acus 1 Euglenozoa Euglenoidea A% v 87
Microcystis aeruginosa 1 Cyanobacteria Cyanophyceae \% \% v 1 1 88
Monoraphidium arcuatum 1 Chlorophyta Chlorophyceae A A% 73
(Ankistrodesmus arcuatus)
Nephroselmis pyriformis 1 Chlorophyta Nephroselmidophyceae A% A% 74
Nitzschia closterium 1 Ochrophyta Bacillariophyceae A v 39
Pediastrum duplex 1 Chlorophyta Chlorophyceae \% \Y% 73
Porphyridium purpureum 1 Rhodophyta Porphyridiophyceae A% A% A% v 86
Scenedesmus acutus 1 Chlorophyta Chlorophyceae A A% 87
Skeletonema marinoi 1 Ochrophyta Bacillariophyceae \Y v 23
Stichococcus bacillaris 1 Chlorophyta Trebouxiophyceae \Y \Y \Y \Y 89
Thalassiosira pseudonana 1 Ochrophyta Bacillariophyceae A A% v 63
Thalassiosira weissflogii 1 Ochrophyta Bacillariophyceae A \Y v 41

The following is a list of all references cited in this paper; 1Latif and Licek, 2004; 2Moreira-Santos et al., 2004; 3Emmanuel et al., 2005; “Hernando et al., 2005; Escher et al., 2008a; ®Escher et al., 2008b; 7Kéillqvist etal.,
2008; 8Marques et al., 2008; 9Mendon§a et al., 2009; 1OWang et al., 2009; 1'Kock et al., 2010; 12Pérez et al., 2010; ®Vermeirssen et al., 2010; 14Marques etal., 2011; 1®Moreira-Santos et al., 2011; 16Pignata etal., 2012;
17Tang et al., 2013; ¥De Liguoro et al., 2014;° Patroncini et al., 2014; 2%Jia et al., 2015; 2!de Castro-Catala et al., 2016; 22Mano and Okamoto, 2016; 23Minguez et al., 2016; 2*Biruk et al., 2017; 2°Mano et al., 2017;
26Neale et al., 2017; ¥ Tousova et al., 2017; 28Alvarenga etal., 2018; ?°Lors et al., 2018; 3*Tousova et al., 2018; 3'Wu et al., 2018; 32Gosset et al., 2019; 30’ Neill et al., 2019; 34Riegraf etal., 2019; **Berrebaan et al., 2020;
36Rodrigues etal., 2021; 3Santos et al., 2002; *8Moreira et al., 2006; 3*Moreno-Garrido et al., 2007; *°Muller et al., 2008; **Morelli et al., 2009; **Zhuravel et al., 2009; *Markina and Aizdaicher, 2011; **Carballeira et al.,
2012; *5Zhuravel et al., 2012; *®Everaert et al., 2016; ¥’ Moeris et al., 2019; “®Lee et al., 2020; “°An et al., 2021; ®Moeris et al., 2021; >!Bellemare et al., 2006; >?Leusch et al., 2014; >3Ma et al., 2016; 54Ajitha etal., 2019;
55pei et al., 2020; 56Merig etal., 2005; >’De Nicola et al., 2007; *®Morales-Caselles et al., 2008; >Prato et al., 2012; 60Booij etal., 2013; 61Booij etal., 2014; 62Booij etal., 2015; ®®Garrido-Pérez et al., 2003; **Maranho et al.,
2015; %°Carballeira et al., 2018; ®6Grote et al., 2005; ’Bandow et al., 2009a; *®Bandow et al., 2009b; 4°Schwab et al., 2009; 7®Hafner et al., 2015; 71Ernelogu et al., 2013; 72Emelogu et al., 2014; “3Stone et al., 2021;
74Magnusson et al., 2013; 7°Olano et al., 2019; 7®Marino-Balsa et al., 2003; 7’Yu et al., 2007; 78Cai et al., 2020; 7°Giacco et al., 2011; 8OMustajérvi et al., 2017; 8'Pikula et al., 2021; 32Takahashi and Yokoyama, 2016;
l?’3Ar2u'1j0 et al., 2010; ®*Adams and Stauber, 2004; 83Li et al., 2014; %Pikula et al., 2019; 8’Bauer et al., 2012; 88Kwok et al., 2010; 8°Kviderové and Elster, 2013.

@ #: Number of publications for test microalgal species.

b LBT: Luminescent bacteria test, DT: Daphnia bioassay, FET: Fish embryo test. Numbers in parentheses indicate the number of publications.

¢ Standard test species for OECD (2006) and ISO (2012).

4 Standard test species for ISO (2006).
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Fig. 2. Sankey diagram of microalgal bioassay methods with the relative percentage of publications.

the aquatic ecosystem. Although microalgae seem to be suitable test
species to evaluate their potential risk, standardization of sampling,
sample preparation, and exposure methods should be performed first.

3.2. Sample preparation and exposure

In terms of the methodology of microalgal bioassays, it was grouped
into five types according to sampling, pretreatment methods, and
microalgal exposure methods. Details descriptions of types A to E are
shown in Table S1 of the Supplementary Material. The first and most
popular type ‘A’ is the traditional method used for samples in liquid
forms, such as freshwater and effluent samples. This method involves
directly exposing the sample for testing to the culture medium to mea-
sure dose-effect relationships. According to toxicity identification
evaluation (TIE) procedures for freshwater samples developed by US
Environmental Protection Agency (USEPA), serial dilution with five
concentrations and three replicates per concentration of samples is
recommended for initial toxicity tests (USEPA, 1996). Along with the
type ‘A’ method, even samples with different types of sampling methods
with no pretreatment (termed direct method) accounted for 41% of all
reviewed papers (Fig. 2). The advantage of this approach might reflect
the potential risks of interactions that occur in complex mixtures in the
environment (Marques et al., 2011). However, this method has a limi-
tation in that it is difficult to identify the causative microalgal toxic
substances in complex mixtures.

Direct exposure of sediment samples is referred to as a whole-
sediment toxicity test, with this approach being less frequently adop-
ted for microalgal bioassays (Adams and Stauber, 2004; Moreno-Garrido
et al., 2007; Aratjo et al., 2010; Giacco et al., 2011; Pei et al., 2020). This
is because the presence of sediment particles makes it difficult to
distinguish and count microalgal cells, and the photosynthesis of algae is
blocked (Adams and Stauber, 2004). To compensate for this, Zhang et al.
(2012) developed a whole-sediment toxicity test using immobilized
microalgae. However, the biomass of immobilized microalgae in the
control group only increased five to six times after 72-h incubation and
did not reach the minimum 16-fold increase recommended by the OECD
guideline (OECD, 2006). During the last five years, a whole-sediment
toxicity test was developed using optimized sediment immobilization
and the free microalgae Chlorella vulgaris. This test could overcome the
current limitations of immobilized microalgal beads (Pei et al., 2020).

Except for type ‘A’, B to D types of approaches include sample pre-
treatments, such as extraction, concentration, and clean-up. The

processes of “extraction and exposure” were interpreted together in
Fig. 2, because they were closely related and connected. The second type
‘B’ method for liquid samples includes an approach that uses passive
samplers for water sampling as an alternative to grab sampling, followed
by extraction. Passive sampling is conducted using silicone rubber sheets
(Booij et al., 2013, 2014, 2015; Emelogu et al., 2013, 2014), polar
organic integrative samplers (POCIS) (Muller et al., 2008; Vermeirssen
etal., 2010; Booij et al., 2013, 2014), and chemcatcher passive samplers,
which use Empore™ styrenedivinylbenzene (SDB)-RPS disks (Riegraf
et al., 2019) and Speedisk™ (Moeris et al., 2019). Passive sampling is
not limited to constant water quality and allows the concentration of
trace and contaminant mixtures over extended periods because it can
concentrate large volumes of water (Booij et al., 2013). Exposing species
of concern to this method provides a valuable tool to improve the
relevance of test results for predicting real effects (Moeris et al., 2021).
However, passive samplers have some limitations; for instance, envi-
ronmental conditions affect analyte uptake, and difficulties exist with
the in situ calibrations of sampling rates (Emelogu et al., 2013). For the
extraction process, solid phase extraction with C18 or HLB cartridges
and extraction of organic solvents with acetone, n-hexane, methanol, or
acetonitrile, were mainly used. This approach is used to extract organic
pollutants from water (Booij et al., 2013). Compounds with different
polarities and chemical properties in the environment and the compo-
nents of extracted compounds tend to vary depending on the method of
extraction. For example, the backbone of Oasis HLB sorbent consists of
non-polar moieties (benzyl groups, aliphatic chains) and polar groups
(pyrrolidone) that adsorb both polar and non-polar compounds from
aqueous media, while the resin ENV + and octadecylsilane (C18) were
used for extracting mid-polar to non-polar compounds.

Types ‘C’ and ‘D’ methods were classified based on the method of
extracting the sediment and soil samples collected using grab, box core,
and drag sampling. Extraction using organic solvents corresponds to
type ‘C’ (Grote et al., 2005; Kallqvist et al., 2008; Bandow et al., 2009a,
2009b; Schwab et al., 2009; Hafner et al., 2015; Maranho et al., 2015;
Biruk et al., 2017; Lee et al., 2020; An et al., 2021). The use of elutriation
corresponds to type ‘D’ (Marino-Balsa et al., 2003; Marques et al., 2008,
2011; Morales-Caselles et al., 2008; Morelli et al., 2009; Wang et al.,
2009; Giacco et al., 2011; Prato et al., 2011; Maranho et al., 2015; Biruk
et al., 2017; Alvarenga et al., 2018). Various organic solvents are used,
including hexane, dichloromethane, and acetone, along with mixed
solvents in Soxhlet extraction systems and/or accelerated solvent
extraction (ASE). Type ‘C’ could not be used to determine the
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bioaccessibility and/or bioavailability of organic chemicals in environ-
mental media; thus, this approach is limited in assessing the ecotoxi-
cological effects in the real environment. To overcome this issue,
methods for extraction that assess the rapidly desorbed fraction were
developed to improve estimates of bioaccessibility, such as TENAX
(60-80 mesh, Alltech International) (Schwab et al., 2009). The type ‘D’
approach improves estimates of bioaccessibility and assesses the po-
tential of contaminants being transferred from sediment to the adjacent
water column (Maranho et al., 2015). It is very important to select an
appropriate extraction method based on the physicochemical properties
of the anticipated contaminants.

Type ‘E’ represents "in situ’ bioassays performed without sampling or
laboratory manipulation (Santos et al., 2002). Fewer studies have used
in situ microalgal bioassays compared to laboratory assays (only 5% of
reviewed articles) (Santos et al., 2002; Moreira-Santos et al., 2004,
2011; Moreira et al., 2006; Bauer et al., 2012). The limited number of in
situ microalgal bioassays is probably due to the inherent difficulties of
exposing algal cells to changing environmental conditions (Santos et al.,
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2002). Traditionally, for in situ bioassays of microalgae, cultured or
natural microalgae were exposed in the form of confinement in dialysis
bags/chambers; however, approaches to immobilize algal cells in an
alginate gel matrix were subsequently developed (Munawar and
Munawar, 1987). These bioassays can be easily exposed to a variety of
natural environmental conditions for final recovery without risking
removal by water movement, predation, sedimentation, or biological
contamination (Twist et al., 1997). In situ assays provide more realistic
environmental conditions than laboratory assays using natural fluctua-
tions, such as ultraviolet light, suspended solids, high flow, and multiple
stressor interactions. Furthermore, artifacts associated with the sam-
pling and pretreatment process are minimized (Crane et al.,, 2007,
Moreira-Santos et al., 2011). However, in situ assays has disadvantages
in that it is difficult to establish the relationship between exposure and
effect, as well as influencing variables, such as organism transportation
and caging and environmental conditions (Culp et al., 2000). To more
accurately evaluate ecotoxicological effects, in situ bioassays should
ideally be used as part of integrated toxicity assessments, in combination

Fig. 3. (a) Number of publications on
microalgal bioassays with respect to
endpoints and measurement in-
struments. The number of endpoints re-
fers to the number of endpoints
evaluated simultaneously in each study.
(b) Schematic of the environmental ef-
fects of predicted contaminants on
microalgal species with several end-
points, including total pigment content,
photosynthetic efficiency, reactive oxy-
gen species (ROS) production, and anti-
oxidant enzymatic activity (i.e,
superoxide dismutase [SOD], peroxidase
[POD] and catalase [CAT]). Created
with BioRender.com.
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with other parameters, such as physicochemical parameters, concen-
trations of chemicals, and laboratory assays.

4. Advances in microalgal response evaluation
4.1. Growth inhibition

Growth inhibition is the only standardized endpoint in the interna-
tional guidelines for toxicity testing methods with freshwater and ma-
rine organisms (Emelogu et al., 2014) (Fig. 2, Fig. 3a). Although growth
inhibition is a physiological response, it was isolated in this study
because it is the endpoint used in most of the reviewed articles (63% of
articles; n = 78). Microalgal growth inhibitions are sensitive indicators
against environmental stress, and 55 studies used growth inhibition as
the sole endpoint (Fig. 3a). Out of 24 papers that measured multiple
endpoints, only two did not measure growth inhibition (Li et al., 2014;
Pikula et al., 2019) (Fig. 3a). In general, growth inhibition is calculated
by measuring the difference in cell growth rate between the control
group, which is not exposed to the sample, and the experimental group,
which is exposed to the sample. One case study used a method to count
the number of cells with chlorophyll a (Chl a) autofluorescence (live
cells) and exclude dead cells (Pikula et al., 2019).

An optical microscope has been most commonly used to count cells
to measure cell growth rate since 1958 (Di Caprio, 2020). Recently,
various types of microscopes, including fluorescence (Mustajarvi et al.,
2017; Cai et al., 2020), electron, and confocal (Ajitha et al., 2019) mi-
croscopes have been developed and used to measure cell abundances
and cell viability (Cerezo et al., 2017). Errors may occur in the process of
performing sampling and cell counting if the researcher is not suffi-
ciently skilled (Di Caprio, 2020). This error range is known to decrease
as the number of counted cells increases; thus, it is recommended that at
least 100 cells are counted (Guillard and Sieracki, 2005). To compensate
for this limitation, several studies have used an electronic particle
counter to count cells (Grote et al., 2005; Meric et al., 2005; Everaert
et al., 2016; Moeris et al., 2019, 2021). In addition to directly counting
cells, cell density is also indirectly measured using Chl a concentration, a
photosynthetic pigment in microalgae (Lichtenthaler, 1987). Chl a
content is measured using fluorometers, spectrophotometers, and Pulse
Amplitude Modulation (PAM) fluorometry. This approach is widely
used, as it is fast and simple. However, when exposed to environmental
pollutants or harmful substances, even if cells do not die, Chl a con-
centration decreases; thus, caution is needed when using it as a substi-
tute for cell counts (Zhuravel et al., 2009; Markina and Aizdaicher,
2011).

4.2. Biochemical responses

Aside from growth inhibition, other endpoints were used in the
previous studies in the order of biochemical (19%), physiological (11%),
morphological (6%), and molecular responses (1%) (Fig. 3a).
Biochemical responses included the generation of reactive oxygen spe-
cies (ROS) and enzymatic activities, such as esterase, superoxide dis-
mutase (SOD), peroxidase (POD), and catalase (CAT) (Fig. 3a). Esterase
activity is reported to be a sensitive and rapid response to assess
microalgae metabolic activity (Jochem, 2000). Fluorescein diacetate
(FDA) staining was used in all six studies that measured esterase activity
(Adams and Stauber, 2004; Gosset et al., 2019; Pikula et al., 2019, 2021;
Lee et al., 2020; An et al., 2021). FDA is a non-fluorescent lipophilic dye
that diffuses across the cell membrane to the cell and is then degraded to
fluorescing fluorescein by esterase. Due to the high polarity of fluores-
cein, it accumulates inside the cell (Seoane et al., 2014). Thus, esterase
activity is a sensitive endpoint of sublethal toxicity of microalgae. It is
measured based on the fluorescent intensity signal emitted from cells,
with esterase activity and fluorescent intensity being positively corre-
lated (Yu et al., 2007; Pikula et al., 2019).

ROS include hydrogen peroxide (H202) and superoxide (O3), which
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are generated in the metabolic process of cells from mitochondria,
chloroplasts, peroxisome, and cell membranes (Ugya et al., 2020)
(Fig. 3b). ROS are produced in healthy cells, with low concentrations of
ROS contributing to signaling pathways (Rezayian et al., 2019). How-
ever, large amounts of ROS, generated by the toxic effects of heavy
metals and organic contaminants, cause various metabolic dysfunctions,
such as peroxidation when they target the lipids and proteins of the algal
cell membrane, and damage to DNA (Esperanza et al., 2015; Rezayian
et al., 2019). Chen and Jiang (2011) showed that when the alga Duna-
liella salina was exposed to adverse environmental conditions, the first
site attacked by ROS was the cell membrane. Peroxidation of lipid
membranes destroys the structure and function of cell membranes
(Kramarova et al., 2012). Furthermore, the activity of antioxidant en-
zymes (such as glutathione, SOD, CAT, and POD) that neutralize the
toxicity of ROS is further inhibited, leading to antioxidants in the cell
becoming imbalanced (Ajitha et al., 2019). Thus, changes to these en-
zymes can be used as sensitive and functional biomarkers of exposure
and adaptive responses to contaminants (Li et al., 2014). Ajitha et al.
(2019) measured ROS production and antioxidant enzymatic activity
(including CAT and SOD) in Chlorella vulgaris to assess the toxicity of
metals found in discharged effluent from the electroplating industry.
Although the study did not determine which enzyme activities occur
rapidly, SOD was selected as a prominent enzymatic biomarker of
oxidative stress.

Previous studies have measured SOD activity as an endpoint indic-
ative of lipid peroxidation in microalgal bioassays (Li et al., 2014; Ajitha
et al., 2019; Cai et al., 2020). SOD acts as a catalyst for converting su-
peroxide to hydrogen peroxide and oxygen at relatively low toxicities,
with CAT and POD being removed by accelerating the conversion of
hydrogen peroxide to water and molecular oxygen (Fig. 3b). Thus,
among the various enzymes involved in removing ROS, SOD is an early
indicator of oxidative stress as it is increased by environmental con-
taminants. Among the various endpoints of Scenedesmus obliquus
(including SOD activity), Cai et al. (2020) showed that the general order
of sensitivity of toxicity endpoints is SOD activity > Chl a synthesis >
algal growth. It seems to appear in this order because the membrane of
chloroplasts is destroyed by peroxidation, which inhibits chlorophyll
synthesis and reduces photosynthesis (Bahrs and Steinberg, 2012). In
addition, glutathione which is involved in ROS reduction, and malon-
dialdehyde as a product of lipid peroxidation, are two typical
biochemical markers of oxidative stress of microalgae. Studies evalu-
ating exposure to single compounds, such as PAHs, have been previously
conducted (Lei et al., 2006; Wang and Zheng, 2008), but none have used
this approach for environmental risk assessment.

4.3. Physiological response

Endpoints for physiological responses include photosystem II (PSII)
efficiency, Chl a content, autofluorescence (Chl a fluorescence), intra-
cellular complexity, membrane potential, and molecular (protein) con-
tent. Photosynthesis is a key function of microalgae, and Chl a is the
primary pigment in algal cells for collecting solar energy for photosyn-
thesis (Van Baalen and O’Donnell, 1978). Because Chl a reduction is the
result of oxidative stress (Clijsters and Van Assche, 1985; di Toppi et al.,
2004), Chl a content represents a typical indicator of algal toxicity.
Various metals interfere with overall physiological processes and have
notable effects on Chl a and b (Clijsters and Van Assche, 1985). Zhuravel
et al. (2009) recorded significant negative correlations between the
concentrations of organic pollutants and Chl a content in the microalga
P. tricornutum.

The efficiency of PSII is measured by changes to fluorescence yield
induced by PSII inhibitors and is directly related to the growth rate and
biomass of microalgae (Magnusson et al., 2008). PSII inhibitors, such as
herbicides (Escher et al., 2008a) and insecticides (Hamers et al., 2000),
act by inhibiting energy transfer by competing with plastoquinone at the
quinone-B binding site of the D1 protein in the PSII reaction center
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(Oettmeier, 1992). Consequently, some of the light energy absorbed in
PSII cannot be used to drive electron transport and is dissipated as heat
or chlorophyll fluorescence (Schreiber, 1986; Genty et al., 1989). Out of
the 16 reviewed papers that detected inhibition of PSII, thirteen used the
Imaging-PAM assay (Escher et al., 2008a, 2008b; Muller et al., 2008;
Vermeirssen et al., 2010; Booij et al., 2013, 2014, 2015; Magnusson
et al., 2013; Tang et al., 2013; Leusch et al., 2014; Jia et al., 2015; Neale
et al.,, 2017; Riegraf et al., 2019), and the other three used other ap-
proaches (Garrido-Pérez et al., 2003; Bellemare et al., 2006; Kviderova
and Elster, 2013). The PAM assay is a sensitive and rapid high-
throughput screening method used to measure the inhibition of photo-
synthesis in various microalgal species, including coral reef and sea-
grass, but mainly microalgae (Juneau et al., 2002; Ralph et al., 2007).
Changes to PAM fluorescence signaling reflect the physiological status of
species; thus, this method provides a consistent indicator of various
environmental stressors. For example, Booij et al. (2014) exhibited that
herbicides (e.g., irgarol, diuron, terbuthylazine, etc.) induced a negative
effect on the PSII efficiency of D. tertiolecta.

Two other endpoints of physiological responses related to the
viability of microalgae include the integrity and potential of mem-
branes. Both endpoints are measured by staining with dye. Membrane
integrity (or permeability) is measured using SYTOX Green (Gosset
et al., 2019), SYTOX Blue (Lee et al., 2020; An et al., 2021), propidium
iodide (PI) (Pikula et al., 2019; Cai et al., 2020; Lee et al., 2020; An et al.,
2021), or TO-PRO-1 iodide (Mustajarvi et al., 2017) dyes. These dyes
can only diffuse through the damaged (no longer intact) membranes of
living cells and are incorporated in nucleic acids (Pikula et al., 2019).
Since the dye increases the fluorescence intensity of cells 20-30 times, a
higher fluorescence intensity reflects the inhibition of cell viability
(Suzuki et al., 1997; Gorokhova et al., 2012). Two studies measured the
membrane potential of microalgal cells using a lipophilic, positively
charged fluorescent dye 3,3’-dihexyloxacarbocyanine iodide (DIOC6(3))
(Pikula et al., 2019; Pikula et al., 2021). This dye binds to membranes
(mitochondria and endoplasmic reticulum) and other hydrophobic
negatively charged cellular components (Sabnis et al., 1997). After
staining, the condition of microalgal cells can be observed using a
fluorescence microscope (Cai et al., 2020), a fluorometer (Gosset et al.,
2019), or a flow cytometry.

Flow cytometry is a high-throughput technique that allows auto-
mated single-cell counting and simultaneous multiparametric analysis
of different cellular properties. Examples include the auto-fluorescence
of cell size and pigments (Marie et al., 2000), DNA content and cell
cycle (Marie et al., 1997), and metabolic changes in cells based on
appropriate staining (Shapiro, 2005). Staining with two or more fluo-
rescent dyes facilitates the measurement of multiple cellular character-
istics simultaneously. Five out of nine studies that measured four or
more endpoints simultaneously used flow cytometry (Adams and
Stauber, 2004; Pikula et al., 2019, 2021; Lee et al., 2020; An et al.,
2021). One of the main drawbacks is given by aggregation of microalgae
and cell damage during the pretreatment (Di Caprio, 2020).

4.4. Other responses

DNA damage as a reaction at the molecular level represents another
endpoint. There is limited information on the environmental contami-
nants that cause genotoxicity or DNA damage of microalgae. Li et al.
(2014) assessed genotoxicity by measuring fragmentation during the
alkaline unwinding of DNA by comet assays. The comet assay has been
used in several studies to measure DNA damage in two microalgal spe-
cies, such as Chlamydomonas reinhadtii (Erbes et al., 1997) and Euglena
gracilis (Watanabe and Suzuki, 2002; Aoyama et al., 2003).

The morphological response of microalgae has also been used as an
endpoint. The cell size of microalgae can be estimated differently
depending on the strain, culture conditions, and nutrient status, even in
the same species (Ben Othman et al., 2023). Thus, rather than absolute
values, the effect of contamination is evaluated by comparing the size of
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samples before and after exposure (Lee et al., 2020; An et al., 2021). Cell
size is measured by both flow cytometry and microscopy (Morelli et al.,
2009; Bauer et al., 2012; Zhuravel et al., 2012). de Filippis and Pallaghy
(1994) showed that the volume of microalgae continuously exposed to
high concentrations of metals increased because the export of certain
photo-assimilation products to the medium declined. They also showed
that the cell size enlarged after metal exposure because the growth-
induced volume increase of the microalgal cells was not accompanied
by cell division. In the case of normal healthy cells, increased cell size is
evaluated as an insensitive endpoint because size is controlled by cell
division and/or apoptosis (Savage-Dunn, 2008).

4.5. Multiple endpoints

Traditionally, microalgal bioassays have been performed on envi-
ronmental samples by evaluating growth inhibition as a single endpoint.
The average number of endpoints used in the previous studies conducted
from 2002 to 2018 was approximately 1.3, with this number only being
higher in 2004 (2.1 endpoints) because Adams and Stauber (2004)
assessed five endpoints using flow cytometry (Fig. 3a). This average
number of endpoints increased after 2019 to over three endpoints in
2021. Recent advances in various fluorescent viability probe staining
technologies that detect changes to the metabolism of microalgal cells
using flow cytometry or fluorescence microscopy are opening up op-
portunities for the simultaneous evaluation of the functional capacity of
cells (Gorokhova et al., 2012). When microalgae are exposed to envi-
ronmental pollutants, such as metals and organic toxic substances,
oxidative stress responses and inhibition of photosynthesis generally
appear. It is very important to measure the cell viability and growth rate
of microalgae together and to interpret the responses in an integrated
manner. If cell viability is not considered, false positive and false
negative responses (overestimation/underestimation) might occur when
assessing the risk of environmental samples (Lee et al., 2020). Thus,
multiple endpoints (at least two, ideally) are required to prevent mis-
characterizing the potential microalgal toxicity. Out of the 89 articles
reviewed here, only 11 mentioned assessing cell viability, and none
reported the criteria used to determine the acceptability of bioassay data
regarding cell viability. It is difficult to establish a standard criterion
because each species has different characteristics. In future studies, it is
necessary to establish a standard for cell viability representing cell
death.

Several studies analyzing the microalgal toxicity of a single com-
pound (organic contaminants or metals) use multi-endpoints (Koppel
et al., 2017; Seoane et al., 2017; Esperanza et al., 2019). For example,
several endpoints, including growth inhibition, Chl a fluorescence,
membrane integrity, esterase activity, cellular metabolic activity,
oxidative stress, and cytoplasmic membrane- and mitochondrial
membrane-potential, were measured for Chlamydomonas reinhardtii
after exposure to benzophenone-3 and benzophenone-4 (Esperanza
et al,, 2019). Growth rate, vital population and metabolic activity
(esterase activity), and intracellular pH decreased significantly, whereas
cytoplasmic membrane potential and ROS levels increased significantly
in cultures exposed to benzophenone-3 and benzophenone-4 (Esperanza
et al., 2019). Koppel et al. (2017) showed that five metals (Cu, Pb, Zn,
Cd, and Ni) affected the autofluorescence, cell complexity, size, and lipid
concentrations of Cryothecomonas armigera, but did not alter cell mem-
brane permeability. These results demonstrate the importance of
measuring multiple endpoints because the toxic effects of chemical
mixtures on microalgae in the environments do not appear in just one
aspect but appear simultaneously as complex effects that are organically
linked in cells. In addition to multiple endpoints, multiple species should
be measured because the responses induced by contaminants have
species-specific and toxicity endpoint-specific differences (Nam et al.,
2018; Lee et al., 2020).

Future research should focus more on molecular responses, such as
genomics, transcriptomics, and proteomics. For instance, Nagarajan
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et al. (2022) showed that differentially expressed genes and proteins
exhibited coordinated cellular responses by altering gene expression.
However, more studies are needed to understand the relationship be-
tween genes and proteins. For example, the omics approach for molec-
ular response assessments is expected to provide valuable insights into
algal physiology and metabolism during exposure to environmental
samples. Studies are also required that reflect various environmental
factors (e.g., ultraviolet [UV] radiation, light and nutrient availability,
infections) and physiological processes (e.g., collapsing blooms and
other mass-death events) that exist under natural conditions.

5. Major environmental toxic substances in microalgal
responses

Out of the reviewed articles, 88% conducted chemical analyses to
quantify potential toxicants in environmental samples (Fig. 4). Envi-
ronmental toxicants included organohalogens, metals, biocides, phar-
maceuticals, phenols, polychlorinated biphenyls (PCBs), and
polyaromatic hydrocarbons (PAHs). Metal concentrations were
analyzed using inductively coupled plasma atomic/optical emission
spectrometry (ICP-AES/OES) (Aratjo et al., 2010; Takahashi and
Yokoyama, 2016; Ajitha et al., 2019) or -mass spectrometry (ICP-MS)
(Aratjo et al., 2010; de Castro-Catala et al., 2016; Berrebaan et al., 2020;
Rodrigues et al., 2021). PAHs, PCBs, pesticides, and other chemicals
were analyzed using gas chromatography (GC) and liquid chromatog-
raphy (LC) with mass spectrometry (MS) or electron capture detector
(ECD) (Booij et al., 2013; Emelogu et al., 2013; Mano and Okamoto,
2016).

To link observed microalgal toxic effects and concentrations of tox-
icants, principal component analysis (PCA) was performed by about half
of the reviewed papers. Predictions of targeted compounds toxicity were
assessed using a concentration-response model, and it was assumed that
the compounds had the same mode of action and provided a conserva-
tive estimate of mixture toxicity (Adams and Stauber, 2004; Muller
et al., 2008; Schwab et al., 2009; Stone et al., 2021). However, this
assumption is unlikely to be accurate, as chemicals in mixtures might
have antagonistic or synergistic effects (Hong et al., 2016b). In addition,
interactions of compounds with other abiotic and biotic factors,
including nutrients, UV, and predators, can also lead to unpredictable
effects (Ben Othman et al., 2023). The establishment of causal links
between chemical concentrations and the toxic effects of environmental
samples remains a major challenge in ecotoxicology.

The classical analytical instruments (e.g., low-resolution mass spec-
trometry) might not be able to identify biologically active substances,
and conversely, the identification of the compounds responsible for

Characterization of microalgal toxicity
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biological activity using bioassays is very challenging. A significant
advance to microalgal bioassays introduced in 2005 involved applying
effect-directed analysis (EDA) (Grote et al., 2005; Bandow et al., 2009a,
2009b; Schwab et al., 2009; Booij et al., 2014; Tousova et al., 2017,
2018; Riegrafetal., 2019; Lee et al., 2020; An et al., 2021). EDA includes
toxicity testing, fractionations, and instrumental analyses. As such, it has
been widely applied to identify key toxicant(s) in various environmental
samples (Brack, 2003). Many studies using EDA have successfully
identified various microalgal toxicants, such as triclosan (Bandow et al.,
2009b), n-phenyl-2-naphthylamine (Grote et al., 2005; Schwab et al.,
2009), diuron (Riegraf et al., 2019), azithromycin, and biocides (Tou-
sova et al., 2018). Only 12% of studies confirmed toxicity by exposing
target chemicals to microalgae. In addition, it is not easy to identify the
microalgal toxicants of untargeted/unknown substances, even when
EDA is applied.

With the development of analytical instruments, EDA was combined
with full-scan screening analysis (FSA) to detect unknown and poten-
tially toxic substances in environmental samples holistically (Grote
et al., 2005; Bandow et al., 2009b; Schwab et al., 2009; Booij et al.,
2014; Tousova et al., 2018; Lee et al., 2020; An et al., 2021) (Fig. 4). FSA
is a powerful tool that is used to identify unknown toxicants in envi-
ronmental samples based on accurate molecular mass using high-
resolution mass spectrometry (HRMS), such as time-of-flight mass
spectrometry (TOFMS).

Quantitative structure-activity relationship (QSAR) modeling can be
an alternative tool when toxicological confirmation cannot be per-
formed due to the unavailability of authentic standards (OECD, 1994;
US EPA, 2012). ECOSAR is a program developed by the US EPA to
predict toxicity to fish, invertebrates (Daphnia), and green algae (Nab-
holz et al., 1993). The use of this approach was presented in four
reviewed articles (Ma et al., 2016; Tousova et al., 2017, 2018; An et al.,
2021). Unfortunately, because ECOSAR only targets freshwater micro-
algae, its use for microalgal bioassays in seawater is limited (Reus-
chenbach et al., 2008). To date, no study has reconfirmed the toxicity of
newly derived microalgal toxicants, nor has it evaluated the contribu-
tion of new chemical substances. Future studies should focus on evalu-
ating the contribution of toxic causative substances using a mass balance
approach. Of course, mass balance cannot be easily calculated as a
simple mechanism-based in vitro assay; instead, it is necessary to give
each endpoint a different weighting or to elucidate the mechanisms of
toxic action of individual compounds on aquatic organisms.

In the present review, we analyzed methodological advances of
microalgal bioassays for environmental risk assessments over the last 20
years (total 89 studies reviewed). Recently, environmental assessment
studies using microalgae bioassays have considered multiple species and

Current

statusg®
Toxicity

-~ @ r * contribution
o [ | 10 ]
.y Toxicological , Full-scan screening 9% 0%

Traditional r *  confirmation analysis
approach 1% 5%

Microalgal Targeted
e bioassay  chemical analysis

Identification of key microalgal

I L]
100% 88%

toxicants in environmental samples

Fig. 4. A frame of the microalgal bioassay development showing the methodological flow with the evolution of chemical analysis towards identification of major

algal toxicant(s) in environmental samples.



J. Lee et al.

endpoints, which provide additional information on the potential
adverse effects and toxicity mechanisms of various toxic substances in
the environment. Flow cytometry and DNA analysis are two of the most
powerful and promising techniques for the measurements of cell density
and cell viability. In the future, these multiple endpoints microalgal
bioassays will be useful for more accurate ecological risk assessment and
selection of priority toxic substances. More research is needed to identify
microalgal toxicants in the environment combined with EDA and FSA.
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Supplementary Table

Table S1. Detailed description of the 5 types according to sampling, pretreatment methods, and

microalgal exposure methods.

Type | Procedure of microalgal bioassay
Sample type Sampling Extraction Exposure

A Water or Effluents Bottles None Direct

B Water or Effluents Passive sampler Solid phase extraction or organic In-direct

solvent extraction

C Sediments or Soil Grab/Box/Bag/etc. Organic solvent extraction In-direct
D Sediments or Soil Grab/Box/Bag/etc. Elutriate In-direct
E None None None In situ
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