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ARTICLE INFO ABSTRACT

Edited by G Liu Standardised tests are often used to determine the ecotoxicity of chemicals and focus mainly on one or a few

generic endpoints (e.g. mortality, growth), but information on the sub-cellular processes leading to these effects

Keywords: remain usually partial or missing. Flow cytometry (FCM) can be a practical tool to study the physiological re-
D‘smfelcmm by-products sponses of individual cells (such as microalgae) exposed to a stress via the use of fluorochromes and their
Microalgae

morphology and natural autofluorescence. This work aimed to assess the effects of five chlorine-based disin-
fection by-products (DBPs) taken individually on growth and sub-cellular endpoints of the green microalgae
Raphidocelis subcapitata. These five DBPs, characteristic of a chlorinated effluent, are the following mono-
chloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), bromochloroacetic acid
(BCAA) and 1,1-dichloropropan-2-one (1,1-DCP). Results showed that 1,1-DCP had the strongest effect on
growth inhibition (ECsp = 1.8 mg.L'l), followed by MCAA, TCAA, BCAA and DCAA (ECs of 10.1, 15.7, 27.3 and
64.5 mg.L! respectively). Neutral lipid content, reactive oxygen species (ROS) formation, red autofluorescence,
green autofluorescence, size and intracellular complexity were significantly affected by the exposure to the five
DBPs. Only mitochondrial membrane potential did not show any variation. Important cellular damages (>10%)
were observed for only two of the chemicals (BCAA and 1,1-DCP) and were probably due to ROS formation. The
most sensitive and informative sub-lethal parameter studied was metabolic activity (esterase activity), for which
three types of response were observed. Combining all this information, an adverse outcome pathways framework
was proposed to explain the effect of the targeted chemicals on R. subcapitata. Based on these results, both FCM
sub-cellular analysis and conventional endpoint of algal toxicity were found to be complementary approaches.

Growth inhibition
Flow cytometry
Biomarkers

disturbance observed on the algal population in the environment could
affect the entire ecosystem. The unicellular freshwater alga Raphidocelis
subcapitata is one of the most commonly used microalgae in ecotoxi-

1. Introduction

Among the diversity of aquatic organisms, unicellular algae are

commonly used in ecotoxicology. Microalgae bioassays were some of the
first established and standardised for determining phytotoxic effects of
chemicals, wastewater and environmental samples (Lewis, 1990). Their
ubiquity in aquatic environments, their role as primary producers
(production of biomass and oxygen and prey for higher trophic levels),
their short life cycle and their sensitivity to a wide variety of substances
have made them a group of organisms of interest in ecotoxicity testing
(Nyholm and Kallqvist, 1989; Silva et al., 2009). That way, any kind of
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cology, and more precisely in the chronic OECD test guideline no. 201
(Ceschin et al., 2021) because of its high growth rate and short gener-
ation time (Rojickova and Marsalek, 1999; Yamagishi et al., 2017).
Originally, ecotoxicity assays on microalgae were mainly focused on
the increase of cellular density, with growth rate as the final endpoint.
Although ecologically relevant, this endpoint only represents a response
at the population level and does not allow the identification of potential
modes of action (MoAs) and mechanistic effects at sub-cellular levels.
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Knowledge of the MoA at sub-cellular levels is of great interest, for
example to establish adverse outcomes pathways (AOPs) of targeted
molecules, or to predict combined effects in the case of co-exposure to
chemical mixtures thanks to models of joint action (Ankley et al., 2010;
Faust et al., 2003). Recent developments in flow cytometry (FCM)
techniques make it possible to observe morphological and/or physio-
logical effects of stressors on individual algal cells (Certnerova and
Galbraith, 2021). Indeed, light scattering parameters (size and cell
complexity) and autofluorescence parameters (natural pigment content)
can be measured directly by FCM for each cell (Adan et al., 2017).
Furthermore, the use of fluorescent probes allows to study physiological
responses of individual cells exposed to a stress, such as the formation of
reactive oxygen species (ROS), cell viability, metabolic activity or
changes in neutral lipid content (Almeida et al., 2019; Franklin et al.,
2001; Machado and Soares, 2021). Consequently, it is possible to
combine the conventional endpoint based on algal growth inhibition
(OECD, 2011) with morphological and physiological measurements,
providing early responses to chemical exposure and a better under-
standing of toxic mechanisms/modes of action. In particular, the FCM
techniques have been used to study the sub-cellular effects of chemical
substances on algal cells, especially on the R. subcapitata species,
whether for metals, antibiotics or pesticides (Almeida et al., 2021;
Franklin et al., 2001; Machado and Soares, 2015, 2019). However, most
ecotoxicological studies only investigate a single exposure time and
generally not the sensitivity of early physiological responses after
chemical exposure. Moreover, the same studies mainly focus on cellular
viability, metabolic activity and oxidative stress, and parameters such as
neutral lipid content (carbon and energy storage), mitochondrial
membrane potential (mitochondrial bioenergetic state) and green
autofluorescence have often been ignored (GAF).

Chlorine-based disinfectants are widely used for drinking water
secondary disinfection but also as biocidal treatment in some industrial
cooling systems, to prevent the development of pathogenic microor-
ganisms in cooling water systems (Coniglio et al., 2015; Dupuy et al.,
2011). After use in cooling systems, chlorinated waters are released to
the environment and residual chlorine-based disinfectants may be dis-
charged into receiving waters. In natural waters, free chlorine, and to a
lesser extent monochloramine, act as oxidants and react with natural
organic matter (NOM) (Ciffroy and Urien, 2021; Dong et al., 2021; Duirk
et al., 2005, 2002). NOM oxidation by chlorine-based disinfectants is
particularly important because it results in disinfection by-products
(DBPs) formation, mainly trihalomethanes (THMs), haloacetic acids
(HAAs), haloacetonitriles (HANs) and haloketones (HKs) (Cowman and
Singer, 1996; Diehl et al., 2000; Vikesland, 2001; Richardson and Pos-
tigo, 2011). About 800 DBPs have been identified so far, but more than
50% of total DBPs are still unknown (Dong et al., 2021). Although
chlorine-based disinfectants are intended to specifically target patho-
gens, their by-products were shown to exhibit toxicity towards aquatic
organisms, whether algae (Cui et al., 2022, 2021; Roberts et al., 2010),
macrophytes (Hanson and Solomon, 2004), invertebrates (Labine and
Simpson, 2021) or fish (Fisher et al., 2014; Hanigan et al., 2017).

In light of this background, the objective of this paper was to (i)
assess the sensitivity of sub-lethal parameters and their changes over
time with FCM analyses, (ii) assess the toxicity of 5 DBPs of concern on
the unicellular green algae R. subcapitata and (iii) identify their MoAs,
helping us gain a better understanding of the underlying mechanisms
leading to growth inhibition. Monochloroacetic acid, dichloroacetic
acid, trichloroacetic acid, bromochloroacetic acid and 1,1-dichloropro-
pan-2-one, are considered to be the typical and main DBPs formed
during the disinfectant treatment of French nuclear power plants (in-
ternal data, not published). Their individual effects on esterase activity,
cellular viability, mitochondrial membrane potential, oxidative stress,
lipid content, red autofluorescence (RAF), green autofluorescence
(GAF), size, complexity and cellular density of microalgal cells exposed
for 72 h, were assessed in the exposure conditions of the algal growth
inhibition test.
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2. Materiel and methods
2.1. Chemicals

The disinfection by-products monochloroacetic acid (MCAA; purity
99 + %) and trichloroacetic acid (TCAA; purity 99 + %) were purchased
from Thermo Scientific™. Bromochloroacetic acid (BCAA; purity 97%)
was purchased from Sigma-Aldrich. Dichloroacetic acid (DCAA; purity
99 + %) was purchased from Alfa Aesar. Haloketone 1,1-dichloropro-
pan-2-one (1,1-DCP), also known as 1,1-dichloroacetone (purity 95%),
was purchased from Novachemistry. CAS numbers are detailed in
Table S1. Stock solutions were prepared directly in the OECD TG 201
growth medium.

2.2. Chemical analyses

To quantify DBPs concentrations to which algae were exposed, an-
alyses in the test medium were carried out by sampling three out of
seven concentrations for every HAA (one low, one middle and one high
concentration) and six out of seven for 1,1-DCP at the beginning and at
the end of each assay (the latter being less stable than HAAs). Mea-
surements were made by liquid-liquid extraction-gas chromatography-
mass spectrometry (LLE-GC-MS). During the 72 h tests, all the HAAs
were found to be stable in the OECD medium except for the 1,1-DCP for
which important loss was observed for each exposure condition.
Therefore, the exposure concentrations were calculated using the time-
weighted mean method. The concentrations for which the chemical
analyses were not performed were corrected using the linear regression
equation drawn at each time (0 and 72 h) based on the measured
chemical concentrations.

2.3. Microalgae cultures

The freshwater microalgae Raphidocelis subcapitata (previously
known as Pseudokirchneriella subcapitata) was used for all the tests. The
strain was purchased from Culture Collection of Algae and Protozoa
(CCAP 278/4; Dunbeg, UK). The stock culture used in this study was
maintained in 250 mL glass flasks containing 100 mL Lefevre-Czarda
medium at 23 + 2 °C, on an orbital shaker (100-150 rpm) and with a
dark:light cycle of 8:16 h, and renewed once a week. Pre-cultures were
inoculated (0.6-1 mL of stock culture) in 100 mL OECD 201 medium
(OECD, 2011) for 96 h in 250 mL Erlenmeyer flasks on an orbital shaker
(125 rpm), in a temperature range between 21.3 and 23.3 °C and under
continuous light condition (60-120 pE.m'z.s'l). These conditions and
exposure duration ensured that algae were in exponential growth phase
when used to launch the inhibition tests. Microalgal cultures,
pre-cultures, and experimental media were systematically manipulated
in sterile environment. Algal cell concentrations used for growth-rate
determination were measured with a Coulter counter (Beckman
Coulter Z2, Villepinte, France).

2.4. Exposure of R. subcapitata to the disinfection by-products

Growth inhibition tests were conducted according to the OECD 201
guideline (OECD, 2011). In each individual test, cells were exposed for
72 h in Erlenmeyer glass flasks filled with a total volume of 100 mL of
OECD 201 medium and seven different concentrations of one DBP (see
Table S1 in supplementary material) previously determined based on
preliminary range-finding tests. After determination of cellular density
of the pre-cultures (exponentially growing algal cells) with a haemo-
cytometer, an initial concentration of 10* cell.mL™! was inoculated in
each test vessel. No renewal was carried out during the 72-h test. In-
cubation conditions for light exposure, shaking and temperature were
identical to the ones described above for pre-cultures. Three replicates
with algae and one replicate without algae (negative control) were
carried out for each concentration. For the control condition (algae
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without treatment), six replicates were prepared. Flasks were sampled at
24, 48 and 72 h for flow cytometry analysis, and at 72 h for coulter.
Density measurements were made on the coulter because preliminary
tests highlighted important loss during cell counting with the FCM
compared to the Coulter counter.

Based on the measurements made at 72 h with the Coulter counter,
algal growth rate was determined for each test concentration using the
following equation:

Wy = (In(X;) —In(X:)) /(1 — ;) (day™") @

where p;j is the average specific growth rate from time i to j, X; is the cell
density at time i and X; the cell density at time j.

2.5. Flow cytometry (FCM) measurements of morphological and
physiological endpoints

Samples at 24, 48 and 72 h were collected for each cellular param-
eter analysis, placed in a 96-well plate (300 pL per well, without cellular
concentration standardisation), and analyses were performed using a
MACSQuant X flow cytometer (Miltenyi Biotec, Bergisch Gladbach,
Germany). The 488 nm excitation laser was used for all the measured
parameters, and B1-H (525-550 nm) and B3-H (655-730 nm) emission
detectors were used for data collection. An acquisition threshold cor-
responding to the lowest possible size for the algal cells was set with
FSC-H channel and used for all analyses, allowing us to remove un-
wanted particles (cellular or medium debris for example). The maximum
number of measured events was set at 10 000 for each sample and the
data used for most of the cellular parameters was the median intensity
fluorescence (MFI) value, except for esterase activity and cellular
viability expressed as a percentage of marked cells, and ROS formation
with the use of the mean intensity fluorescence (Fig. S1).

The conditions of fluorochrome incubation were determined prior to
this study by running optimization experiments for each fluorochrome,
taking into account concentration, time, temperature and light condi-
tions. Aliquots of fluorochrome stock solutions were prepared in
dimethyl sulfoxide (DMSO) and stored at — 18 °C until use. Working
solutions were then made in the medium with a final concentration of
DMSO < 0.01%. During the experiments, two concentrations of copper
(I1) sulfate (CuSO4) were tested (0.08 and 0.12 rng.L'l) to be used as
positive control for the FCM measurements based on preliminary tests.
Furthermore, negative controls were used to check if any external
contamination happened during the experiment and if the fluoro-
chromes reacted with the medium without the presence of algae.

2.5.1. Cell size, complexity, and natural pigments content

Cell size and intracellular complexity were measured by displaying
respectively side (SSC-A) and forward (FSC-A) light scatter versus cell
count. The intracellular complexity measured by flow cytometry pro-
vides information on intracellular granularity (density of internal
structures) of the cell (Adan et al., 2017). Red autofluorescence (RAF),
corresponding to chlorophyll a fluorescence and the photochemical
activity of Photosystem II (PS II), was estimated using the B3-H channel
only at 72 h (Franklin et al., 2001). Green autofluorescence (GAF)
(Cheloni and Slaveykova, 2018; Kleinegris et al., 2010) was estimated
using the B1-H channel.

2.5.2. Cellular viability

To discriminate between viable and non-viable cells, the fluores-
cence of cells stained with propidium iodide (PI; ThermoFisher Invi-
trogen™) was measured and incubation was adapted from Seoane et al.
(2017b). This specific fluorochrome is only able to enter a cell with
damaged cell membranes and intercalates with double stranded nucleic
acids to produce red fluorescence collected in the B3-H channel. Samples
were incubated with propidium iodide for 20 min in the dark at room
temperature on a plate shaker (600 rpm) and at a concentration of
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7.3 uM. Cell viability was expressed as a percentage of non-viable cells
located in a gated zone present on the cytogram.

2.5.3. Mitochondrial membrane potential

Mitochondrial membrane potential (A¥Ym) was assessed using
Rhodamine 123 (Rhol123; ThermoFisher Invitrogen™) and adapted
from Liu et al. (2008). This cell-permeant fluorochrome accumulates in
mitochondria. Inhibition of ATP synthase on exposed cells leads to an
increase of A¥m which stops Rho123 from being transported outside of
mitochondria and results in an increase in fluorescence intensity (Chae
et al., 2016; Machado et al., 2015). This gives information on the status
of mitochondrial function, and therefore the capacity of the cell to
produce energy. The green fluorescence emission of this compound was
collected in the B1-H channel. During the experiments, samples were
incubated with Rho123 for 120 min in the dark, at room temperature,
on a plate shaker (600 rpm) at a concentration of 12.9 uM. Mitochon-
drial membrane potential was expressed as the median fluorescence
intensity (MFI) value of marked cells for each sample.

2.5.4. Reactive oxygen species (ROS) formation

The fluorochrome 2/,7-dichlorodihydrofluorescein  diacetate
(HoDCFDA; ThermoFisher Invitrogen™) was used to monitor the
changes in non-specific ROS formation inside the cells and incubation
conditions were adapted from Dupraz et al. (2019). After diffusing
passively in the cell, HoDCFDA is hydrolysed by esterase to form the
non-fluorescent 2,7'-dichlorodihydrofluorescein (HDCF), which is then
converted to the highly fluorescent 2',7"-dichlorofluorescein (DCF) when
oxidised in the presence of ROS. Samples were incubated with HoDCFDA
for 30 min in the dark at room temperature, on a plate shaker (600 rpm)
and at a concentration of 0.3 uM. B1-H detector was used to measure the
fluorescence emitted by DCF. Mean fluorescence intensity value was
used to express ROS formation (with subtraction of mean GAF intensity)
for each sample instead of median fluorescence intensity because of GAF
interference occurring at the same wavelength range. Additional data
were extracted on size and complexity to dissociate mono- and multi-
nucleated cells. Grouping of mono- and multinucleated cells in gated
zones was done arbitrarily based on visual observations made on the
cytograms for the different experiments (Fig. S1-F2).

2.5.5. Neutral lipid content

The lipophilic fluorochrome 4,4-difluoro-1,3,5,7-tetramethyl-4-
bora-3a,4a-diaza-s-indacene  (Bodipy®*>>'%;  ThermoFisher Invi-
trogen™) was used to determine the intracellular neutral lipid content,
primarly triacylglycerol (TAG) which accumulates in the form of lipid
droplets and serves as storage of carbon and energy in microalgae (Hu
et al., 2008). The incubation conditions were adapted from Steadman
Tyler et al. (2019). Collected samples were incubated with Bodipy®*>/>!°
for 90 min in the dark at room temperature and on a plate shaker
(600 rpm) and at a concentration of 19.8 uM. Lipid content was
expressed as the median fluorescence intensity (MFI) value of marked
cells for each sample.

2.5.6. Esterase activity

Esterase activity was determined using fluorescein diacetate (FDA;
ThermoFisher Invitrogen™) and adapted from Dupraz et al. (2019). The
lipophilic non-fluorescent fluorochrome is diffused inside the cell by
means of its acetoxymethyl group which is then hydrolysed (cleaved) by
nonspecific esterase, dissociating fluorescein from the rest if the com-
pounds. This molecule, excited by the laser at 488 nm, emits fluores-
cence observed on the B1-H emission detector. Samples were incubated
with FDA for 30 min in the dark at room temperature, on a plate shaker
(600 rpm). For this fluorochrome, concentrations were inoculated ac-
cording to the cell density of each sample, ranging from 187.6 uM to
12 x 10° uM corresponding to cellular concentrations from under
1.6 x 10* cell.mL™ to 10° cell.mL! (with a factor of two between each
FDA concentration). Esterase activity was expressed as a percentage of



T. Ciccia et al.

cell considered metabolically inactive (located in a gated zone called
FDA- on the left of the cytogram), active (located in a gated zone called
FDA-+ in the middle of the cytogram) and stimulated (located in a gated
zone called FDA++ on the right of the cytogram) (Figure F1-H). For
each of these gates, additional data were extracted on size and
complexity, to dissociate mono- and multinucleated cells.

2.6. Statistical analyses

Concentration-response curves used to determine the growth inhi-
bition range of each experiment were modelled using R software
(version 1.4.1717) with the rjags package and a R script version of
MOSAICgowtn (Charles et al., 2018). The script was run for each
chemical and their 7 concentrations with the three-parameter log-lo-
gistic regression model (LL.3) under a Bayesian framework with the
following equation:

Y:d/(1+ " @

where Y is the growth rate (u, h™!) corresponding to the concentration x
and at 72 h, d is the upper-limit corresponding to the response value of
controls, b is the slope of the curve and e is the concentration corre-
sponding to the median effective concentration ECs.

The cytometry data for each sub-lethal parameter are presented in
the Results and Supplementary material with standard deviation (SD)
and statistical significance. Statistical analyses were carried out between
controls and exposed algal cells for each substance, and at each time step
by one-way ANOVA, followed by Tukey-Kramer multiple comparison
method. In the case of invalid test assumptions (not normally distributed
data and/or non-homogeneous variance across groups), a non-
parametric Kruskal-Wallis test was used followed by the multiple com-
parison Dunn’s test.

3. Results
3.1. Growth rate inhibition

In this study, concentration-response curves of the algal growth were
established for each chemical at 72h and ECsg, ECj9, NOEC (no

observed effect concentration) and LOEC (lowest observed effect
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concentration) were then determined and summarised in Table S2.
Based on the ECsg, 1,1-DCP inhibited the most algal growth, followed by
MCAA>TCAA>BCAA>DCAA. The number of chlorine (Cl) and bromine
(Br) did not seem to influence the toxicity of the five DBPs towards algae
as no correlation was found between the structure and the toxicity of the
chemicals.

3.2. Effects of DBPs on morphological and physiological endpoints over
time

Data obtained for each cellular parameter and each DBP are pre-
sented in Figs. 1-7 and Figs. S2-S6. For clarity, these data are sum-
marised in Table S3 by presenting LOEC and NOEC for each parameter
and DBP with trends of increase or decrease compared to the control.

3.2.1. Effects of DBPs on cell size, intracellular complexity, and natural
pigment content (GAF and RAF)

Data related to cell size and intracellular complexity are presented in
Fig. 1 and Figs. S2-S3. Only cells exposed to MCAA for size and TCAA for
both size and intracellular complexity showed significant changes
(p < 0.05) at the earliest time of measure (24 h). At 48 h, size and
complexity were significantly greater for microalgae exposed to all the
DBPs (p < 0.05) except for DCAA. Finally, a significant increase in
cellular size and complexity (p < 0.05) was observed at 72 h for the
highest concentrations tested except for BCAA for which only the
complexity was significantly higher. Over time, size and intracellular
complexity peaked at 24 h and showed a slight decrease at 48 hand 72 h
for all conditions including controls. Only microalgae exposed to 3.6 and
4.7 mg.L! of 1,1-DCP, kept increasing in size and complexity at 48 h and
72 h (p < 0.05). Results also showed that both morphological parame-
ters were well correlated, the increase of one being linked to the increase
of the other (R2=0.82, 0.78, 0.92, 0.92 and 0.89 for MCAA, DCAA,
TCAA, BCAA and 1,1-DCP respectively) (Fig. S3).

Concerning GAF (Fig. 2), fluorescence increased significantly at the
end of the experiments, i.e. at 72h for the highest concentrations
(p < 0.05). In the case of 1,1-DCP and DCAA, the increase was already
significant at 48 h, and after 24 h for TCAA and BCAA. Over time,
microalgae exposed to the highest concentrations of the five DBPs
showed a decrease in GAF between 24 h and 48 h and an increase after
48 h leading to a peak of intensity at 72 h. At low and intermediate
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Fig. 1. R. subcapitata cell size (arbitrary unit) measured by flow cytometry for the five DBPs. *denote significant differences between treatment and con-

trol (p < 0.05).
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Fig. 3. R. subcapitata red autofluorescence (median fluorescence intensity, arbitrary unit) measured by flow cytometry for the five DBPs at 72 h. *denote significant

differences between treatment and control (p < 0.05).

concentrations, the temporal trends were comparable to the controls
with a low decrease observed between 24 h and 48 h followed by a
stable fluorescence until 72 h.

Microalgae RAF (Fig. 3) was also studied at 72 h, and is considered to
be representative of the chlorophyll a fluorescence and the photo-
chemical activity of PS II (Almeida et al., 2019; Reynolds, 1984). Results
showed that the exposure to all the single DBPs provoked a significant
decrease in chlorophyll a fluorescence at 72 h (p < 0.05).

3.2.2. Effects of DBPs on cell viability

Data related to cell viability are presented in Fig. S4. They showed no
significant changes after exposure to MCAA and TCAA at any point in
time and concentration compared to controls (p > 0.05) (Table S3).
Exposure to DCAA led to a significant decrease in non-viable cells at
48.6-82.9 mg.L'1 at 24 h (from 3.7% to 0.6%) and a significant increase
at 82.9 mg.L'1 at 72 h (up to 5.9%, with 1.8% for control) (p < 0.05),

but changes observed in both cases stayed in the low percentage range.
An increasing trend was observed for BCAA at 48 h for the highest
concentration (55.2 mg.L‘l) (15% of non-viable cells with high vari-
ability between replicates, 0.4% for control), with a similar result
occurring at 72 h (10% of non-viable cells, 0.5% for control, but sig-
nificant in this case (p < 0.05). Lastly, 1,1-DCP induced no significant
effect at 24 h but mortality of the cells reached 26% at 0.8 mg.L! (with
8% for control, with high variability between replicates). A significant
increase in non-viable cells was observed after exposure at 0.4-1.8 mg.L’
Tat48h (up to 23%, with 2% for control) and at 0.4-3.8 mg.L'1 at72h
(up to 7%, with 1% for control).

3.2.3. Effects of DBPs on mitochondrial membrane potential (A¥m)

Data related to mitochondrial membrane potential are presented in
Fig. S5. In our study, use of Rho123 did not give any conclusive results.
In fact, only the highest concentration (82.9 mg.L ') of DCAA exposure
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showed a significant decrease (p < 0.05) in Rho123 fluorescence in-
tensity at 48 h and 72 h compared to the control, which could be
explained either by a potential inhibition of mitochondrial electron
transport chain or damage to cell membrane resulting in the leak of the
dye. For the rest of the DBPs, no significant changes were noticed at any
time step and concentration. Over time, A¥m remained either stable (for
TCAA and BCAA) or slightly decreased at 48 and/or 72 h (p < 0.05) (for
MCAA and DCAA) for all conditions of exposure. Only for the three
highest concentrations of 1,1-DCP, an increase was observed at the end
of the experiment (p < 0.05).

3.2.4. Effects of DBPs on ROS formation
Data related to ROS formation are presented in Fig. 4. HoDCFDA
allowed us to observe the intracellular changes in ROS formation of

R. subcapitata. Each DBP induced significant ROS formation at some
concentrations and times. Significant effects (p < 0.05) were noticed at
24 h for MCAA for the highest concentrations tested and remained at 48
and 72 h. Significant increases in HoDCFDA fluorescence intensity were
also measured for the other HAAs at the highest exposure concentration
but only at specific time point and not continuously (48 and 72 h for
DCAA, 48 h for TCAA, 24 and48h for BCAA) (p < 0.05). However, the
non-significant data still showed a systematic upward trend with the
concentrations at every point in time. For 1,1-DCP, a significant increase
was observed both at 48 h and 72 h for one intermediate concentration,
1.8 mg.L'! and 4.7 mg.L'! respectively (p < 0.05). Over time, controls
and specific range of concentrations for three of the substances (all
conditions for BCAA, 0-5.8 mg.L! for DCAA and 0-3.6 mg.L™! for 1,1-
DCP) showed a decreasing temporal trend either at 48 h or 72 h, or at
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both time steps compared to the first day. In other words, ROS formation
tended to decrease with time within specific concentration ranges for
BCAA, DCAA and 1,1-DCP. Concerning other conditions of exposure and
substances (MCAA and TCAA), non-significant increases in fluorescence
intensity were spotted between 48 h and 72 h, mainly at higher con-
centrations. It was also observed for all DBPs experiments that micro-
algae with high fluorescence intensity were primarily cells with higher
size and intracellular complexity, meaning cells with important oxida-
tive stress were mostly multinucleated (from 59.6% up to 100% of
multinucleated cells for all experiments and conditions) (Fig. S6).

3.2.5. Effects of DBPs on neutral lipid content

Data related to lipid content are presented in Fig. 5. The cellular
parameter neutral lipid content was shown to be sensitive to DBPs. At
24 h, a significant increase in fluorescence intensity was observed for all
the DBPs concerning the mid and high range of concentrations tested
and remained significant at 48 h and 72 h. However, for all HAAs,
content of neutral lipids peaked on the first day of measurements (24 h)
and declined significantly for most of the samples at 48 h (p < 0.05)
before stabilising at 72 h. Similar responses were observed for 1,1-DCP,
except for the two highest concentrations where neutral lipid content
remained stable at 24 h and 48 h and increased at 72 h (p < 0.05). The
temporal decreasing trend was recorded for controls on MCAA, TCAA,
BCAA and 1,1-DCP experiments but remained less important than for
exposed cells. Based on these observations, it is possible to conclude that
microalgal cells produce neutral lipids, mainly triacylglycerol (TAGs), in
response to the stress and that most of the content is produced early after
the exposure as reported in other studies (Hu et al., 2008; Kim et al.,
2013; Zienkiewicz et al., 2016).

3.2.6. Effects of DBPs on esterase activity

Data related to esterase activity are presented in Fig. 6. Globally,
exposure of R. subcapitata to DCAA, TCAA and BCAA led to a percentage
decrease of metabolically active cells (FDA+) at 48h and 72h
(p < 0.05), a decrease of metabolically inactive cells (FDA-) between
24 h and 48 h (p < 0.05) followed by a steady percentage among con-
centrations at 72 h (2.5-9%), and an increase of metabolically stimu-
lated cells (FDA++) over the entirety of the experiment (FDA++) (up to
74.6% of the cells for BCAA at 72h for 31.2 mg.L’l) (Fig. 6 and

Table S3).

Concerning MCAA, a low percentage decrease of metabolically
inactive cells (FDA-) was observed at 24 h (from 50.9% to 30.1%) fol-
lowed by a significant increase at 48 h (from 20.6 up to 54.3%) and 72 h
(from 2.7 up to 46.8%) (p < 0.05). Moreover, percentage of metaboli-
cally active cells (FDA+) decreased at 24 h (from 42.3% to 30.7%), 48 h
(from 76.3% to 30.7%) and 72 h (from 94.4% to 34.2%) compared to the
control. On the contrary, an increase in metabolically stimulated cells
(FDA-++) was also spotted, even if most cells were considered inactive at
72 h.

After exposure to 1,1-DCP, percentage of metabolically inactive cells
(FDA-) remained steady at all exposure concentrations except 7.2 mg.L’1
at 24 h and 1.8 mg.L'1 at 48 h (between 41.3% and 77.7%), and was
followed by a significant increase at 72 h (from 3.6% for control up to
49.1% for 4.6 mg.L'}). Concerning metabolically active cells (FDA+)
results showed no differences at 24 h and a significant decrease at 48 h
and 72 h. Finally, cells were weakly stimulated at 24 h (FDA++), and at
low percentage (between 2.8% and 17.4%) at 48 h and 72 h with no
significant changes compared to the control.

4. Discussion
4.1. Effects of DBPs on physiological and morphological parameters

All this information can be used attempt to build an AOP describing
the chain of effects occurring in algal cells and explain the overall effect
of DBPs (Fig. 7).

As already mentioned, R. subcapitata exposure to the five DBPs
individually led to a decrease red autofluorescence at 72 h, represen-
tative of the chlorophyll a fluorescence of the microalgae. This can be
interpreted as an inhibition of electron flow in the PS II reaction centre
at the donor side, which consequently leads to the inhibition of photo-
synthetic activity as previously seen in Franklin et al. (2001) after
exposure to copper. In a previous study, Cui et al. (2021) also observed a
significant decrease in photosynthetic activity via the study of chloro-
phyll a fluorescence transient while exposing Scenedesmus sp. to MCAA
(0.8 and 1.5 mg.L’l) at 72 h. The authors concluded that the MoA of
MCAA was to block the electron transfer by damaging the thylakoid
sheets and disintegrating the pyrenoids inside chloroplasts, inducing a
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loss of photosynthetic activity. Chlorophyll a fluorescence fluctuations
(increase and decrease) were also reported on microalgae for other types
of chemicals and linked with effects on the photosynthetic apparatus
(Almeida et al., 2021; Franklin et al., 2001; Gebara et al., 2020).

A consequence of photosynthesis inhibition is the potential accu-
mulation of intracellular ROS. Indeed, overproduction and accumula-
tion of intracellular ROS can be a possible consequence of electron
transport chain inhibition of the photosystem II (PSII) (Rezayian et al.,
2019). Biologically, ROS production in low concentration is a normal
process, but when a stress situation occurs an imbalance between pro-
duction and suppression of ROS occurs leading to damages to cellular
components. In our case, the DBPs induced significant ROS formation at
24, 48 and/or 72 h at the highest concentration(s), with amplitudes
depending on the specific chemical. This was also demonstrated in the
already mentioned Cui et al. (2021) study: the inhibition of the electron
transport chain being the initial event leading to the excess of ROS in the
case of MCAA exposure towards Scenedesmus sp., which then led to the
accumulation of ROS and damage on chloroplasts. In our case, ROS
overproduction did not apparently lead to important cellular membrane
damage except for 1,1-DCP at 48 h (up to 23% of non-viable cells, with
2% for control), nor on A¥Ym (meaning DBPs did not inhibit ATP syn-
thase) and could be potentially explained by the implementation of
antioxidant processes.

In response to ROS accumulation, a shift in lipid production from
membrane lipid to neutral lipids storage, mainly as TAGs in the form of
lipid droplets can be triggered (Hu et al., 2008; Zhang et al., 2019,
2020). This is often observed in case of oxidative stress resulting from
nutrient deprivation, thermal or high light stress (Liu and Benning,
2013; Shi et al., 2017). According to several studies, TAGs are highly
reduced molecular species requiring large quantities of NADPH (which
are overproduced during oxidative stress) (Shi et al., 2017; Wasylenko
et al., 2015) and are capable of decreasing ROS formation therefore
allowing the microalgae to continue harvesting light by trapping free
electrons (Klok et al., 2013; Morales et al., 2021; Shi et al., 2017). A
recent study of Zhang et al. (2019) showed that the specific ROS Hy-
droxyl radical (OH") was mainly responsible for enhancing lipid syn-
thesis in Chlorella pyrenoidosa under high light conditions. Neutral lipids
may also help maintaining membrane integrity and fluidity. Based on
our results, it seems plausible that DBPs exposure induced the formation
of ROS, resulting to the observed lipid accumulation early after the
exposure, in the form of lipid droplets for carbon and energy storage, but
also for their antioxidant properties. Significant decrease observed at
48 h and 72 h could be potentially explained by the cells starting to
adapt to their contaminated environment via other detoxification
processes.

Another way for the microalgae to cope with ROS accumulation is to
synthetize other antioxidant molecules. As we observed in our experi-
ments, green autofluorescence (GAF) increased with the exposure to the
five DBPs and this change could be linked to specific intracellular pig-
ments. According to Tang and Dobbs (2007), chlorophylls are not the
pigments responsible for GAF, carotenoids could however correspond to
this fluorescence wavelength. Usually, carotenoids are complementary
pigments to widen the absorption light spectrum of microalgae, but
when under stressful conditions, carotenoids are synthesised to protect
the cells (Gong and Bassi, 2016; Rammuni et al., 2019). In fact, studies
on Dunaliella salina and Chromochloris zofingiensis concluded that GAF
increase that was observed after photo-oxidative stress and nitrogen
starvation was caused by the accumulation of secondary carotenoids,
such as B-carotene and astaxanthin (Chen et al., 2017; Kleinegris et al.,
2010). The first one is B-carotene, which is a carotene with antioxidant
properties, emitting at wavelength of 530-570 nm and accumulating in
chloroplasts (Chen et al., 2017). The second one, synthetised from
B-carotene is the xanthophyll astaxanthin, a potent antioxidant with
similar emission wavelength (530-570 nm) produced when the cell is
under stressful conditions, and accumulating in lipid droplets (Kawasaki
et al., 2020). These two are recognised for their protective capacity
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against external stresses and are often reported in the literature. Ac-
cording to different sources, they could protect from free radicals, pre-
vent lipid peroxidation, promote functions and stability of the
photosynthetic system and membrane integrity (Dieser et al., 2010;
Gong and Bassi, 2016; Rammuni et al., 2019; Varela et al., 2015). For
example, in Dunaliella salina, carotenoids have the ability to deactivate
triplet chlorophyll and single oxygen and can accumulate in lipid
droplets like TAGs (Kawasaki et al., 2020). Also, biosynthesis and
accumulation of these antioxidant molecules have been reported to
happen simultaneously with TAG production in algae (Chekanov et al.,
2014; Chen et al., 2015; Guo et al., 2021; Ren et al., 2021). Changes in
fluorescence observed in the range of 525-50 nm on the flow cytometer
could therefore correspond to the production of carotenoids as a pro-
tective mechanism against ROS accumulation in the cell. However,
another reasonable explanation concerning the increased GAF could be
directly linked to the loss of photosynthetic activity. Indeed, a decrease
in photochemistry efficiency will lead to the excess accumulation of
light energy (photons) which can be dissipated as heat or fluorescence,
potentially as GAF (Machado and Soares, 2022). Several studies also
show that GAF increase could correspond to intracellular flavins (en-
zymes involved in redox metabolism) being oxidised due to an increase
in ROS content, which would be consistent with the oxidative stress
observed in the microalgae (Croce, 2021; Fujita et al., 2005; Lage et al.,
2001). Finally, GAF is also correlated with size (R?
=0.79/0.51/0.55/0.63/0.79 for MCAA/DCAA/TCA/BCAA/1,1-DCP
respectively) and intracellular complexity (R?
=0.9/0.42/0.65/0.6/0.74 for MCAA/DCAA/TCA/BCAA/1,1-DCP
respectively). The overall increase observed could therefore simply
mean an increase in photosynthetic pigment content, proportionally to
the size and complexity of cells (higher pigment content in multinu-
cleated cells).

As mentioned earlier, all samples showed an increase in both size and
complexity with the increasing concentration in parallel to GAF, these
two morphological parameters seemingly redundant based on the cor-
relation observed after exposure to all substances (Fig. S3). These
changes were also observed on R. subcapitata and Chlamydomonas rein-
hardtii in the literature and could be explained by the incapacity of the
cells to complete their division (Jamers and De Coen, 2010; Mansano
et al., 2017; Miguez et al., 2021). Indeed, chemical exposure, while not
fully impacting nuclear division, could potentially either delay the cell
division cycle or stop it at the last stage before cytokinesis (cytoplasmic
division) and lead to accumulation of multinucleated cells (Machado
and Soares, 2020). In this form, cells are composed of 2-8 daughter-cell,
each with their own organelles, which can explain the higher complexity
and size observed (Yamagishi et al., 2017). Switch in lipid production
occurring in the cell could be one of the factors leading to cytokinesis
inhibition, by making carbon and energy less available for this
morphological process (Miguez et al., 2021; Morales et al., 2021). Also,
high ROS content observed in these multinucleated cells could partly be
explained by the two following hypothesis: (1) the increase in size re-
quires the production of ROS to loosen the cell wall through oxidation
cleavage, (2) larger cells have higher chloroplast content and therefore
produce more ROS (Ugya et al., 2020).

Concerning metabolic activity, which is monitored by measuring
FDA fluorescence intensity, stimulation was observed for all DBPs at
24 h and at 48 h and 72 h for DCAA, TCAA and BCAA. Similar results
have been often reported for microalgae concerning various chemicals
and could be explained in several ways (Almeida et al., 2021; Jamers
et al., 2009; Jamers and De Coen, 2010; Machado and Soares, 2019;
Valiente Moro et al., 2012). (1) In response to adverse environmental
conditions, metabolic activity could be stimulated due to its involve-
ment in the activation and regulation of detoxification processes, such as
the replacement of membrane phospholipids for example (Franklin
et al.,, 2001). (2) An increase in cell membrane permeability due to
membrane hyperpolarization could also influence FDA fluorescence
intensity, by inducing the uptake of FDA leading to an increase in
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fluorescence intensity (Franklin et al., 2001). However, it seems quite
unlikely in our case because of the absence or relatively low percentage
of non-viable cells observed after exposure to most of the DBPs with
propidium iodide. (3) FDA fluorescence intensity could be enhanced by
intracellular pH increase (Lage et al., 2001), which was not measured in
our study. On the contrary, esterase activity in MCAA and 1,1-DCP ex-
periments was mainly inhibited in the later stage of experiment (at 48 h
and 72 h for MCAA and only 72 h for 1,1-DCP) (Fig. 6) which could be
explained by either membrane disruption leading to leaking of the dye
or simply metabolic inhibition via redox imbalances or alterations in
protein synthesis (Seoane et al., 2017a). Still, microalgal cells were
partly stimulated after exposure to MCAA at 48 h and 72 h, concerning
up to 32% of the population exposed at 26.6 and 45.5 mg.L!. Based on
these results, three types of responses could be distinguished: (1) overall
stimulation of exposed cells to DCAA, TCAA and BCAA during the entire
experiments, (2) stimulation at 24 h followed by inhibition for most of
the population with a part of the cells still stimulated at 48 h and 72 h
for MCAA and (3) stimulation at 24 h followed by inhibition at 48 h and
72 h for 1,1-DCP.

4.2. Sensitivity of cellular parameters and growth inhibition

After 24 h, the most sensitive cellular parameters were FDA- and
FDA-+ + for MCAA and TCAA respectively, FDA+ + for DCAA, FDA- for
BCAA, and neutral lipid content for 1,1-DCP (Table S3). After 48 h, the
most sensitive cellular parameters observed were FDA- and FDA+ for
MCAA, FDA+ and FDA+ + for DCAA, FDA+ for TCAA, FDA+ + for
BCAA, and GAF for 1,1-DCP (Table S3). After 72 h, the most sensitive
cellular parameters were complexity and FDA+ for MCAA, GAF, RAF
and FDA+ for DCAA, FDA+ and FDA+ + for TCAA and BCAA respec-
tively, and FDA- and FDA+ for 1,1-DCP (Table S3).

Among the cellular parameter tested, only neutral lipid content
showed significant differences at each time step and for each DBP.
Nevertheless, metabolic activity, whether low (FDA-), normal (FDA+) or
stimulated (FDA++) stood out compared to the other parameters and
seemed especially sensitive with HAAs experiments. For 1,1-DCP at 24 h
and 48 h, other parameters showed lower LOEC. In our study, the use of
FDA seemed relevant to observe physiological disturbances in the case of
DBP exposure.

Growth inhibition was found to be less sensitive to DBP exposure
than sub-cellular parameters for TCAA and BCAA. For MCAA and DCAA,
growth inhibition was found to be as sensitive as the cellular endpoints,
but because significative effects were already reported for the first
concentrations of exposure (LOEC), no conclusion can be drawn on
which parameter is the most sensitive (Table S2 and Table S3). For 1,1-
DCP, growth inhibition was more sensitive than sub-cellular endpoints
except for cell viability (Fig. 4).

5. Conclusions

In this study, we assessed the sensitivity of several sub-lethal pa-
rameters by exposing the freshwater microalgae Raphidocelis subcapitata
to four haloacetic acids and one haloketone individually. Lipid content,
ROS formation, RAF, GAF, size and intracellular complexity were
significantly impacted in response to the exposure to the five DBPs. Only
mitochondrial membrane potential did not show any variation. Impor-
tant cellular damages (>10%) were observed only for BCAA and 1,1-
DCP and were probably due to ROS formation. The most interesting
sub-lethal parameter studied was metabolic activity (esterase activity),
for which measurements made over time (24 h, 48 h and 72 h) were
shown to be highly relevant. Three types of response were observed
depending on the DBP, and high sensitivity except for 1,1-DCP. Further
study will be needed to find a mechanistic explanation for these differ-
ences observed. An interest should be also given to the natural auto-
fluorescence in microalgae, in particular GAF, for the several biological
meaning it could have (notably in antioxidant processes), and the fact
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that no fluorescent probes are needed to measure it. For that reason, it
makes it easy to use and test with other types of stressors. Larger and
more complex cells should also be investigated to confirm whether they
correspond to multinucleated cells. Data obtained in this study did not
allow us to correlate the algal growth inhibition to the chemical struc-
ture of the DBPs. Additional experiments would be necessary to check if
such correlation could be established between the number of Cl and Br
and sub-lethal parameters. Finally, our study demonstrated that the
selected cellular parameters were helpful to gain a better understanding
of the biological mechanisms leading to growth inhibition on the non-
target organism R. subcapitata.
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