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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Light pollution affects photosynthetic 
parameters. 

• DDBAC generates oxidative stress on 
fatty acids with an increase of oxylipins. 

• Oxylipins can be a biomarker of biocide 
exposure in aquatic environment.  
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A B S T R A C T   

Urban ecosystems are subjected to multiple anthropogenic stresses, which impact aquatic communities. Artificial 
light at night (ALAN) for instance can significantly alter the composition of algal communities as well as the 
photosynthetic cycles of autotrophic organisms, possibly leading to cellular oxidative stress. The combined ef
fects of ALAN and chemical contamination could increase oxidative impacts in aquatic primary producers, 
although such combined effects remain insufficiently explored. To address this knowledge gap, a one-month 
experimental approach was implemented under controlled conditions to elucidate effects of ALAN and dode
cylbenzyldimethylammonium chloride (DDBAC) on aquatic biofilms. DDBAC is a biocide commonly used in 
virucidal products, and is found in urban aquatic ecosystems. The bioaccumulation of DDBAC in biofilms exposed 
or not to ALAN was analyzed. The responses of taxonomic composition, photosynthetic activity, and fatty acid 
composition of biofilms were examined. The results indicate that ALAN negatively affects photosynthetic yield 
and chlorophyll production of biofilms. Additionally, exposure to DDBAC at environmental concentrations in
duces lipid peroxidation, with an increase of oxylipins. This experimental study provides first insights on the 
consequences of ALAN and DDBAC for aquatic ecosystems. It also opens avenues for the identification of new 
biomarkers that could be used to monitor urban pollution impacts in natural environments.  
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1. Introduction 

Urban aquatic ecosystems are subjected to a multitude of anthro
pogenic stresses leading to vulnerable biological communities. Among 
physical urban stressors, Artificial Light at Night (ALAN) is widespread 
in all urban environments in the world, with more than 80% of the world 
human population (and more than 99% in North America and Europe) 
living under light-polluted skies [21]. Light is defined by multiple di
mensions including its intensity (in W m-2), temperature (in kelvin), 
wavelength (in nm) and photoperiod [7]. The occurrence of ALAN in 
cities can change the quantity and quality of light at night as compared 
to natural conditions [75]: a continuous illumination often occurs over 
time, changing natural photoperiods, and the intensity, temperature and 
spectra of light exposure at night is modified by the use of LEDs 
(Light-Emitting Diodes; [99]). Human circadian rhythmicity was also 
shown to be affected by ALAN [77]. ALAN does not only affect the 
terrestrial world, but can also alter aquatic ecosystems [28]. After 
penetration below the water surface, diffraction and reflection, the re
sidual light intensity and wavelengths vary according to the physical 
and biological characteristics of the water (salinity, density, suspended 
matter, including biological particles, e.g. plankton). Light effects in the 
natural environment also depend on other environmental factors such as 
lunar cycles, cloud cover, the influence of shading, etc. [43]. Some 
wavelengths do penetrate below the surface down to 40 m depth 
depending on water clarity [73]. As a result, 3.1% of the world’s marine 
economic zones are impacted at 10 m depth, and the influence of arti
ficial light is still observable at 20 m [73]. Among reported biological 
effects, ALAN can lead to changes in the composition of aquatic algal 
communities [32], disruption of photosynthetic cycles [49], or alter
ation of species interactions [60]. 

Among chemical urban pressures, quaternary ammonium com
pounds (QACs) are reported in aquatic environments worldwide [96]. 
QACs are found in the most commonly used disinfectants for their 
cationic detergents properties [31]. The use of QACs has considerably 
increased since the ban of triclosan in 2016 [55], because of their high 
efficiency, low ecotoxicity and broad spectrum action [59,89]. QACs are 
composed of a central nitrogen atom with four attached groups (e.g., 
nitrogen atoms, branching of the carbon chain, the presence of aromatic 
and methyl groups). The negatively charged anion portion like chlorine 
or bromine is linked to nitrogen to form the QAC salt [31]. Among QACs, 
benzalkonium chloride-based substances (BAC) have an aromatic group, 
two groups of methyl and an alkyl chain of length from C8 to C18 [6]. 
Methyl group lengths of C12 to C16 usually show the greatest antimi
crobial activity [31]. Therefore, BAC are used to clean bactericide res
idues in food products [5] and as a preservative in diversified 
commercial personal care products [76]. Europe established thresholds 
for BAC concentrations which are limited to 0.3% in cosmetics and 0.2% 
in mouthwashes by SCCP (Scientific Committee on Consumer Products; 
[20]). BAC biocides were also recommended by the US EPA (Environ
mental Protection Agency) for disinfecting surfaces against SARS-CoV-2 
[58,84,97]. As a result of this increased use, several studies highlighted 
potential antibiotic resistance to BAC products in bacteria [34,47,62, 
92], with an associated production of Extracellular Polymeric Sub
stances (EPS). The ubiquitous and frequent use of BAC can thus generate 
selective environments, favoring resistant microorganisms [45,56]. 
Furthermore, BAC compounds were shown to decrease photosynthetic 
efficiency and growth in green algae [18,29,98] or to enhance the 
production of reactive oxygen species (ROS) in diatoms [17] and cya
nobacteria [95]. Among the different forms of BAC, dodecylbenzyldi
methylammonium chloride (DDBAC) is the most occurrent in 
wastewater from sewage treatment plants [14] and laundries [51]. Some 
articles have documented DDBAC concentrations in natural aquatic 
environments, reporting values in the range of 0.05 to 6 mg L-1 in ef
fluents from European hospitals before the 2019 pandemics [42]. 

While the literature regarding the effects of ALAN on urban biodi
versity is growing, its impacts on aquatic biodiversity remains less 

investigated, especially with regards to its combination with other types 
of urban stresses, particularly chemical contamination, on aquatic pri
mary producers. Within primary producers, aquatic biofilms are ubiq
uitous in aquatic environments [40] and constitute a dynamic 
community with very diverse microorganisms composing them [81]. 
Biofilms play a very important role in aquatic ecosystems, participating 
in primary production or carbon cycling [15]. Freshwater biofilms are 
generally dominated by cyanobacteria, diatoms and green algae (e.g 
[61]). The photosynthetic activity of their microalgal constituents can 
be impacted by excess light exposure, with the generation of reactive 
oxygen species, as demonstrated by Waring et al. [90], Cheloni et al. 
[12] or Erickson et al. [19]. ALAN can also lead to dysregulation of 
circadian cycles and consequently impair the photosynthesis in biofilm 
microalgae [19,48,90]. The impact of DDBAC on the photosynthesis of 
freshwater biofilms was also documented by Vrba et al. [87]. They 
tested the short-term inhibition of the photosynthesis of natural biofilms 
after a 4-hour exposure to increasing concentrations of DDBAC. They 
determined an EC5 (Effective concentration inducing a 5% decrease in 
photosynthesis) of 30 mg L-1, which was further established in their 
work as the nominal concentration for chronic exposure of the biofilms. 
At this elevated concentration, they found striking effects on the 
photosynthesis and health of algal cells [87] as well as on lipid profiles 
[53]. 

Biofilms are a source of nutrients for higher organisms such as 
invertebrate or vertebrate grazers, providing them with some essential 
fatty acids (FA) produced by microalgae, which are rich in omega 3 and 
omega 6 [82]. The transfer of FA from microalgae in biofilms to higher 
trophic levels is therefore crucial for the functioning of aquatic food 
webs [23,66,78]. In cells, FA contribute to the maintenance of mem
brane fluidity and have a central role in the storage of metabolic energy 
[37,54]. FA have a structural role in cells, being present in cell mem
branes as phospholipids [35] and glycolipids [8]. FA profiles allow the 
determination of taxonomic groups [94]. For example, diatoms are rich 
in C20:5 [8], essential for consumers [83]. Reserve FAs from tri
acylglycerides (TAG) serve as a form of carbon and energy storage, for 
example, under conditions of environmental stress [37]. In microalgae, 
both FA composition and the presence of oxylipins proved to be good 
indicators of toxic stress [16,23,74]. Oxylipins can indeed denote 
oxidative stress in cells, for example HODEs (hydroxyoctadecadienoic 
acids), HOTrEs (hydroxyoctadecatrienoic acids), HETEs (hydrox
yeicosatetraenes acids) and HEPEs (hydroxyeicosapentaenoic acids) 
which respectively derive from the oxidation of linoleic acid (C18:2), 
octadecatrienoic acid (C18:3), arachidonic acid (C20:4) and eicosa
pentaenoic acid (C20:5). 

In this context, an experimental approach under controlled condi
tions was implemented to understand the effects of two stressors specific 
of urban environments (ALAN exposure and chemical contamination by 
DDBAC) on aquatic biofilms. In this experiment, we tested for the in
fluence of continuous light vs. day/night alternation, and the effect of an 
environmental nominal contamination of dissolved DDBAC (100 µg L-1, 
[3]). Several functional and structural descriptors were used. The 
functional descriptors mainly relate to biofilm photosynthesis, which 
was expected to be impaired by urban pollutants. Structural descriptors 
such as the FA composition of the biofilms and oxylipin content were 
also assessed. 

2. Materials and methods 

2.1. Pre-exposure conditions 

2.1.1. Biofilms 
Clean glass slides were immersed in the Cestas-Gazinet pond (lat.: 

44.774601; long.: − 0.696077) for biofilm colonization. Their di
mensions were of 217 ± 20 cm2. Colonization took place from 12/14/22 
to 02/22/23, during the winter period under hypereutrophic water 
conditions [11]. 
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2.1.2. DDBAC 
The benzyldimethyldodecylammonium chloride used (DDBAC, 

powder form; CAS: 139–07-1, purity > 99%) was purchased from Sigma 
Aldrich, France. A stock solution of DDBAC was prepared at 100 mg L-1 

in Ultra Pure Water. The stock solution was further used to contaminate 
the water in the experimental beakers, to reach a nominal concentration 
of 100 µg L-1 at the beginning of the exposure, then every 2–3 days on the 
occasion of water changes (see Section 2.2). 

2.2. Experimental setup 

The experiment lasted one month, from 02/22/23 to 03/24/23. The 
effects of light exposure at night and chemical exposure to DDBAC were 
tested individually and jointly, in 4 experimental conditions, each per
formed in triplicate independent beakers. For light conditions, two 
contrasted photoperiods were used: an alternate photoperiod (AP) of 10 
h day and 14 h night, corresponding to the natural photoperiod during 
biofilm colonization in situ, and a continuous photoperiod (CP) where 
light exposure was continuous over 24 h. Artificial light was provided by 
aquarium LEDs (JBL LED SOLAR NATUR 37 W; 4000 K; PAR = 223 µM s- 

1 m-2, supplier’s manual). DDBAC contamination was carried out at a 
nominal concentration of 100 µg L-1 [3]. The conditions tested will be 
thereafter referred to as AP_Ctrl, AP_BAC, CP_Ctrl and CP_BAC. 

Once the in situ colonization of the glass slides by biofilms was 
achieved, 7 slides were collected and considered as the initial day (D0) 
control. 24 more colonized slides were introduced into 8-liter beakers of 
medium (2 slides per beaker). The culture medium was prepared in 
mineralized water enriched with nutrients, close to the conditions pre
vailing in the pond during the colonization period. Its detailed compo
sition is provided in Table 1. 

Every two to three days, water renewals were carried out and the 
physicochemical composition of the medium was monitored (see Sec
tion 2.3.1). After 14 days of exposure (D14), one slide of each beaker 
was harvested. Then after 30 days of exposure (D30), the remaining 
slides were recovered. For each biofilm slide, a surface area of 34 ± 13 
cm2 was scraped and suspended in 4 mL of beaker’s water for subse
quent PhytoPAM analyses (see Section 2.4.1). Then, the slides covered 
by a remaining biofilm surface area of 183 ± 20 cm2 were quenched 
with liquid nitrogen and freeze-dried for lipid analyses (see Section 
2.4.2). 

2.3. Water analyses 

2.3.1. Physico-chemical parameters 
Twice a week, the water pH, dissolved oxygen saturation, conduc

tivity and temperature were monitored using appropriate probes (pH 
and temperature Sentix 41, Cellox 325 and Tetracon 325). The incident 
photosynthetically active radiation (PAR) measurements were carried 
out at the end of the experiment in the air on the surface and near the 
beakers, and in the water at the level of the biofilm slides, using a lux
meter LI-1935A (Biosciences GmbH). Anion (nitrite, nitrate, phosphate, 
sulfate and chloride) and cation (ammonium, sodium, potassium, cal
cium and magnesium) analyses were carried out by Ion Chromatography 
(881 Compact IC pro 1). For this purpose, 20 mL of beaker water were 
collected, filtered with 26 mm (diameter) and 0.45 µm (porosity) PTFE 
syringe filter (Phenomenex, Phenex), stored at 4 ◦C and analyzed within 
3 days. Anion concentrations were measured before every regular water 
change while cations were analyzed at the beginning and at the end of 
the experiment. 

2.3.2. DDBAC concentrations 
Concentrations of DDBAC were measured in the water at the start of 

the exposure, after 1, 2, 6, 24 h of exposure and then every day until the 
end of the experiment. A minimum volume of 1.5 mL was collected and 
stored at − 20 ◦C. Water samples were filtered with 26 mm (diameter) 
and 0.45 µm (porosity) PTFE syringe filters (Phenomenex, Phenex). 
Then, 200 µL water samples, spiked with 2 µL of DDBAC-d5 (10 µg mL-1) 
as internal standard, were injected into a Dionex Ultimate 3000 HPLC 
(Thermo Fisher Scientific, France) coupled with an API 2000 triple 
quadrupole mass spectrometer (Sciex, France). A Gemini® NX-C18 
column from Phenomenex was used as a stationary phase. The mobile 
phase was 90:10 5 mM acetonitrile/water. The analysis was performed 
in isocratic mode, i.e. the composition of the mobile phase was kept 
constant during the analysis, as described in Vrba et al. [87]. The 
quantification limit was of 0.2 ng mL-1. 

2.4. Biofilm analyses 

2.4.1. Fluorescence-based analyses on fresh biofilm suspensions 
The effective photosynthetic yield [30] and chlorophyll fluorescence 

of the 4 mL biofilm suspensions (corresponding to a glass slide surface of 

Table 1 
Summary of average exposure conditions (mean ± standard errors) during the experiment. Different superscript letters indicate statistical differences between in
dividual conditions (‘All’; Kruskall Wallis test) or specific effect of either ALAN or DDBAC (Wilcoxon-Mann-Whitney test). Quantification limits are provided with the 
same unit and precision as the corresponding measurement values.   

Conditions n Mean ± SE Quantification limit 

pH All 30 7.7 ± 0.1 N/A 
Oxygen (%) All 25 108.6 ± 4.7 N/A 
Conductivity (µS cm-1 at 25 ◦C) All 30 687 ± 19 N/A 
Water temperature (◦C) AP 18 22.0 ± 0.1a N/A 
Water temperature (◦C) CP 12 22.8 ± 0.2b N/A 
NO2 (mg L-1) All 36 0.16 ± 0.03 0.005 
NO3 (mg L-1) All 36 19.41 ± 1.02 0.01 
PO4 (mg L-1) All 36 0.03 ± 0.01 0.01 
SO4 (mg L-1) All 36 123.24 ± 4.88 0.005 
Cl (mg L-1) All 36 55.88 ± 2.83 0.01 
NH4 (mg L-1) All 12 0.15 ± 0.03 0.005 
Na (mg L-1) All 12 62.28 ± 5.59 0.01 
K (mg L-1) All 12 6.85 ± 1.19 0.0025 
Ca (mg L-1) All 12 38.72 ± 8.26 0.15 
Mg (mg L-1) All 12 6.95 ± 0.57 0.15 
[DDBAC]water (µg L-1) Abiotic control 30 8.9 ± 1.7a 0.2 
[DDBAC]water (µg L-1) DDBAC 188 1.2 ± 0.3b 0.2 
Incident light in the water (µmol m-2 s-1) All 16 148 ± 8 N/A 
[DDBAC]biofilm(ng mg-1) J0 7 0.0 ± 0.0a 0.2 
[DDBAC]biofilm(ng mg-1) Ctrl 12 0.0 ± 0.0a 0.2 
[DDBAC]biofilm(ng mg-1) DDBAC 12 1 ± 0.2b 0.2 

N/A: non applicable. 
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34 ± 13 cm2) were measured using a PhytoPAM fluorimeter (Heinz 
Walz GmbH, Germany). The biofilm suspensions were acclimated to the 
measuring light for approximately 4 h in the laboratory at 22 ◦C, before 
the samples were placed for analyses in a quartz cuvette agitated by a 
stirring rod. The PAR used for measurements was of 164 μmol quanta 
m-2 s-1. The PhytoPAM analyses were performed for each sample, in 
technical triplicates, which were averaged afterwards. For ease of bio
film data comparisons, the chlorophyll fluorescence data are expressed 
below in ng mg-1 dry weight biofilm. 

2.4.2. Freeze-dried biofilms pre-processing 
After quenching and freeze-drying, the biofilm samples (10–20 mg 

dry mass) were weighed using a Mettler Toledo NS204S analytical bal
ance and placed in 2 mL microtubes containing 150 mg of microbeads. 
The single-phase solid-liquid extraction procedure involved the addition 
of 1 mL of a mixture of MTBE (Methyl tert-butyl ether):EtOH (ethanol), 
3:1 (v/v) and 0.01% BHT (butylhydroxytoluene). Before extraction, 50 
µL of a PE (phosphatidylethanolamine) solution (15:0/15:0) containing 
100 ng µL-1 was added as a standard and 5 µL of a C17:0 solution at 1000 
ng µL-1. The samples containing microbeads were mechanically ho
mogenized and extracted (3 cycles of 15 s) with the solvent using an MP 
Biomedicals FastPrep-24 5 G. The supernatant was separated from the 
pellet (containing biological material and microbeads) by centrifugation 
at 12,000 rpm. At this stage, 800 µL of this organic solvent phase were 
retrieved. A second extraction step (3 cycles of 15 s and centrifugation) 
was carried out after adding 1 mL of MTBE:EtOH, 1:1 (v/v) and 0.01% 
BHT mixture to the pellet and centrifugating as previously. One mL of 
supernatant was collected again and added to the previous one to form 
the lipid extract, stored at − 80 ◦C. Details on the entire extraction 
procedure can be found in Mazzella et al. [52]. Prior to analysis, the 
solvent was evaporated under a nitrogen flow and the samples were 
further diluted in MTBE (typical volume 1 mL), stored at − 18 ◦C and 
analyzed within 1 week, prior to the fractionation step. Different ali
quots were used to quantify the DDBAC concentration in the biofilms, 
free lipid content, and relative concentrations of fatty acids from 
structure/storage lipids after fractionation and saponification. 

2.4.3. Analyses performed on the free lipid fraction 

2.4.3.1. DDBAC bioaccumulated in biofilms. Following solid-liquid 
extraction, DDBAC concentration in the biofilms was quantified with 
200 µL of the sample and 2 µL of DDBAC d5 solution of 10 ng µL-1, 
following the same protocol as used for water samples (see Section 2.3). 

The results were then expressed as log10 value of the bio
concentration factor (i.e. log(BCF)). The BCF was calculated according 
to the following formula: 

BCF =
DDBAC concentration in biofilm(µg kg− 1)

DDBAC concentration in water(µg L− 1)
(1)  

2.4.3.2. Oxylipins. Oxylipins (HODEs: hydroxyoctadecadienoic acids, 
HOTrEs: hydroxyoctadecatrienoic acids, HETEs: hydroxyeicosate
traenes acids and HEPEs: hydroxyeicosapentaenoic acids) were 
measured on the free lipid fraction. The samples were analyzed using an 
Ultimate 3000 HPLC coupled with an API 2000 triple quadrupole mass 
spectrometer. A Kinetex C8 (2.8 µm, 100 × 2.1 mm) column from Phe
nomenex was used as a stationary phase. The analysis was performed in 
isocratic mode, with a mobile phase of 50:50 5 mM acetonitrile/iso
propanol. The flow rate was 300 µL min-1, the injection volume was 
20 µL. The limit of quantification is 5 ng mL-1. 

The standards used were composed of 9(S)-HOTrE (9S-hydroxy- 
10E,12Z,15Z-octadecatrienoic acid, Cayman chem, France; CAS: 
89886–42-0, purity > 98%); 9-HODE (( ± )− 9-hydroxy-10E,12Z-octa
decadienoic acid, Cayman chem, France; CAS: 98524–19-7, purity 

> 98%); (S)− 12-HETE (12(S)-Hydroxy-(5Z,8Z,10E,14Z)-eicosate
traenoic acid, sigma aldrich, USA; CAS:54397–83-0, purity ≥ 95%). The 
standards were used for both calibration range and detection settings. 
The internal standards used were 13(S)-HODE-d4 (13S-hydroxy-9Z,11E- 
octadecadienoic-9,10,12,13-d4 acid; Cayman chem, France; CAS: 
139408–39-2, purity > 99%); ( ± )-Jasmonic Acid-d5 (3-oxo-2-(2Z)2- 
penten-1-yl-cyclopentane-2,4,4-d3-acetic-2,2-d2 acid; Cayman chem, 
France; CAS: 2750534–78-0, purity > 99%). These were added to 
200 µL of sample, 10 µL of 0.1 ng µL-1 13(S)-HODE-d4 and 2 µL of 
2.5 ng µL-1 Jasmonic Acid-d5. 

The oxylipin ratio was calculated as 
∑

Concentrations of oxylipins
Concentration of free lipid fraction

(2)  

and expressed as per thousand. 

2.4.4. Fatty acids from membrane-forming and storage lipids 
The membrane lipids (polar lipids, as phospholipids and glycolipids) 

and storage lipids (neutral lipids, as triglycerids) were fractionated using 
chromatography carried out on 1 g Silica SPE extraction cartridges 
(Waters) following a protocol adapted from Hamilton and Comai, [33]. 
The sample was loaded on the top of the cartridge and eluted succes
sively with MTBE (Methyl tert-butyl ether, 10 mL) and MeOH (meth
anol, 10 mL). The first fraction (F1) was neutral lipids, which contained 
storage lipids, and the second fraction (F2) contained polar lipids. Each 
of the two fractions was dried under nitrogen and 300 µL of MeOH was 
added. For each of the fractions, 150 µL were collected for saponifica
tion, using 10 µL Me-C19:0 (Methyl nonadecanoate; Merck; CAS: 
1731–94-8; purity > 98%) at 100 mg L-1 as surrogate. One mL of 1 M 
sodium hydroxide was added and then heated to 80 ◦C for 30 min using 
a Hisorb stirrer (Markes). Once the mixture had cooled, 100 µL formic 
acid and 1 mL MTBE were added. After a 1 min centrifugation at 
3000 rpm, with an EBA 20 Hettich Bench Top Centrifuge, 500 µL of the 
solution was recovered, and the solvent was evaporated to dryness 
under a nitrogen flow. The sample was then diluted in 1 mL Ultra Pure 
Water/Acetonitrile (90:10) and stored at − 20 ◦C until analysis. Both 
fatty acid and oxylipin analyses were performed using a Dionex Ultimate 
3000 HPLC (Thermo Fisher Scientific, France) coupled with an API 2000 
triple quadrupole mass spectrometer (Sciex, France) with a Kinetex C8 
(2.8 µm, 100 × 2.1 mm) column. The mobile phase was acetonitrile 
(ACN)/isopropanol 50/50 (more details in suppl mat table S1, S2, S3 
and S4). 

2.5. Data analyses 

Data visualizations and statistical analyses were carried out using R 
(4.0.4) and R studio (2022.12.0 Build 353). Data are presented as 
average values ± standard errors (with package plotrix). Temporal 
changes in fatty acid composition between D0 and D30 were described 
through Principal Component Analyses performed with FactoMineR 
package, illustrating the grouping of individual values among treat
ments with convex hulls. Statistically significant differences between 
conditions (AP_Ctrl, AP_BAC, CP_Ctrl and CP_BAC) were highlighted 
using Kruskall-Wallis tests, followed when necessary by Dunn post-hoc 
tests. To assess the effects of ALAN and DDBAC on biofilm descriptors, 
Wilcoxon-Mann-Whitney tests were carried out. A p-value below 0.05 
was considered as significant. 

3. Results 

3.1. Experimental conditions 

Average physicochemical values are provided in Table 1. The phys
icochemical parameters in the experimental systems were similar 
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between conditions over time (Kruskall-Wallis test, p-value > 0.05). The 
water temperature was significantly higher in CP conditions than in AP 
conditions (Wilcoxon test, p-value < 0.05); however, this difference was 
of less than 1 ◦C in average. 

DDBAC concentrations in the abiotic control were one order lower 
than expected (8.94 ± 1.74 µg L-1) throughout the 21 first days of the 
experiment, then drastically decreased to barely quantifiable levels 
(Table 1, Fig. S5). DDBAC concentrations in the water of the conditions 
including biofilms were even lower than the abiotic control (p-value <
0.05). DDBAC concentrations were highly variable over time and aver
aged 1.2 ± 0.3 µg L-1, for all experimental conditions and sampling 
times (N = 188). A sharp decrease in DDBAC concentrations was 
observed over the first day of experiment in all conditions (p-value <
0.05, Dunn test; Fig. S5), and did not increase again after water re
newals. However, under DDBAC conditions, the contaminant was 
quantified in the biofilms (0.98 ± 0.18 ng mg-1 biofilm, N = 12) 
showing stable sorption between D14 and D30, while D0 and control 
biofilms were free of DDBAC (p-value < 0.05; Dunn test). Biofilms 
exposed to DDBAC exhibited a log(BCF) of 2.97 ± 0.16 all dates 
combined. 

3.2. Biofilm functional descriptors 

3.2.1. Effective quantum yield 
The photosynthetic yield of the biofilm inoculum (D0) averaged 

0.43 ± 0.03 (Fig. 1). Similar values were recorded on D14 (0.43 
± 0.02), while significantly lower yields (0.27 ± 0.02) were measured 
on D30 (p-value < 0.05, Dunn test). 

Considering all dates, photosynthetic yields were significantly higher 
in AP conditions than in CP conditions (p-value < 0.05, Wilcoxon test; 
AP: 0.41 ± 0.02 vs. CP: 0.32 ± 0.03). Such influence of light conditions 
on the yield was still observable on D30, where AP values exceeded 
those of CP biofilms (p-value < 0.05, Wilcoxon test; on D30, AP: 0.32 
± 0.07 vs CP: 0.23 ± 0.07). 

3.2.2. Fluorescence-based chlorophyll-a concentrations 
Fluorescence-based chlorophyll a concentrations in the biofilm 

inoculum (D0) were of 7 ± 2 ng mg-1 dry weight biofilm (Fig. 2). 
Overall, chlorophyll a fluorescence significantly increased from D0 to 
D14, reaching 34 ± 6, then decreased to 10 ± 3 ng mg-1 on D30 (p- 
value < 0.05, Dunn test). No significant differences in chlorophyll a 
content were highlighted between conditions. 

3.2.3. Proportions of algal groups 
The biofilm used in the experiment was initially (D0) dominated by 

green algae (61 ± 2 %) followed by 30 ± 3 % of cyanobacteria and 10 
± 2 % of diatoms (Fig. 3). 

The proportion of green algae gradually decreased over time in all 
conditions (p-value < 0.05, Dunn test; D14: 44 ± 5 % and D30: 38 ± 4 
%), while the relative abundance of diatoms increased (p-value < 0.05, 
Dunn test; D14: 37 ± 7 % and D30: 38 ± 4 %). The proportion of cya
nobacteria halved between D0 and D30 (p-value < 0.05, Dunn test; D30: 
13 ± 1 %). 

The composition of the biofilm significantly differed according to the 
prevailing light conditions. The proportion of green algae was higher in 
AP than CP conditions (p-value < 0.05, Wilcoxon test, AP: 53 ± 3 % vs. 
CP: 33 ± 4 %), while diatoms were significantly more abundant under 
CP compared to AP conditions (p-value < 0.05, Wilcoxon-Mann- 
Whitney test; AP: 29 ± 4 %, CP: 46 ± 4 %). 

3.3. Lipid descriptors 

3.3.1. Fatty acids from membrane lipids 
On D0, total membrane lipid (i.e. both phospholipids and glycolipids 

like polar lipids) content averaged 46.71 ± 9.41 nmol mg-1 dry weight 
biofilm. Considering these lipids according to the saturation degree of 
their ester-linked fatty acids, biofilms contained high amounts of PUFA 
(36.68 ± 7.84 nmol mg-1; Table 2) and lower quantities of SFA and 
MUFA (SFA: 4.32 ± 0.46 nmol mg-1, MUFA: 5.72 ± 1.19 nmol mg-1). 

Fig. 1. Photosynthetic yield (relative values) measured for each experimental condition after various exposure durations (Day 0-D0: diamonds, white; Day 14-D14: 
dots, green; Day 30-D30: triangles, gray). AP: Alternate photoperiod, CP: Continuous photoperiod, with DDBAC when BAC is indicated. 
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Fig. 2. Chlorophyll fluorescence values (ng mg-1 dry weight biofilm), as a function of the experimental conditions and exposure duration (Day 0-D0: diamonds, 
white; Day 14-D14: dots, green; Day 30-D30: triangles, gray). AP: Alternate photoperiod, CP: Continuous photoperiod, with DDBAC when BAC is indicated. 

Fig. 3. Proportions of the main algal groups in the biofilm based on the relative fluorescence of blue, green and brown microalgae, as a function of the experimental 
conditions and exposure duration (Day 0-D0, Day 14-D14, Day 30-D30). AP: Alternate photoperiod, CP: Continuous photoperiod, with DDBAC when BAC is indi
cated, Note that total concentrations of chlorophyll a (corresponding to all microalgae) differed between dates and treatments as shown in Fig. 2. 
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The quantity of total membrane lipids was stable between D0 and 
D14 (46.06 ± 6.49 nmol mg-1) but drastically decreased on D30 (23.68 
± 4.59 nmol mg-1; p-value < 0.05, Dunn test). There was no difference 
between experimental conditions (p-value > 0.05, Kruskall test). 

The PCA carried out on the data set of membrane lipid abundances 
(%) at D0 and D30 made it possible to explain 69.1% of the variance in 
the lipid composition of the biofilms (Fig. 4). Fig. 4B highlights a clear 
distinction between samples under AP conditions without DDBAC 
exposure and the other conditions (p-value < 0.05, Dunn test) along Axis 
1 (40.9% of the variance) and a distinction between days D0 and D30 in 
terms of specific fingerprint based on biofilm membrane lipids along 
Axis 2 (28.2%). 

Indeed, the inoculum (D0) was characterized by higher proportions 
of C16:4 (15.29 ± 1.02 %), C18:3 (23.57 ± 5.14 %), C18:4 (5.14 
± 0.40 %), and C20:3 (1.00 ± 0.21 %) (Fig. 4A). On D30, under control 
conditions (AP without DDBAC exposure), the biofilms had greater 
content of C12:0 (3 ± 2.08 %), C14:0 (7.67 ± 2.73 %), C16:0 (15.33 
± 2.33 %), and C22:4 (1 ± 1 %). Membrane lipid content under the 
other tested conditions highlighted divergence related to specific fatty 
acids such as C16:1 (AP_BAC: 11 ± 1.73 %; CP_Ctrl: 15 ± 2.08 %; 
CP_BAC: 15 ± 2.08 %), C18:1 (AP_BAC: 13 ± 0.60 %; CP_Ctrl: 12.33 
± 0.67%; CP_BAC: 12.33 ± 2.02 %), C18:2 (AP_BAC: 13 ± 1 %; CP_Ctrl: 
11.33 ± 0.88 %; CP_BAC: 13.66 ± 1.45 %), C20:4 (AP_BAC: 6.33 
± 0.33 %; CP_Ctrl: 10.67 ± 1.33 %; CP_BAC: 7 ± 1 %) and C20:5 
(AP_BAC: 16.67 ± 1.86 %; CP_Ctrl: 17 ± 2.31 %; CP_BAC: 14.33 ± 1.76 
%). 

3.3.2. Fatty acids from storage lipids 
Storage lipids (i.e. TAG like neutral lipids) in the inoculum (D0) 

accounted for 16.24 ± 1.22 nmol mg-1 dry weight biofilm, with 9.87 
± 0.69 nmol mg-1 of PUFA, 3.34 ± 0.23 nmol mg-1 of SFA and 3.04 
± 0.32 nmol mg-1 of MUFA (Table 3). The total quantities of storage 
lipids increased on D14 (88.25 ± 52.59 nmol mg-1) then decreased 
dramatically on D30 (9.86 ± 1.52 nmol mg-1), with a significant effect 
of exposure duration (p-value < 0.05, Dunn test). Moreover, lipid re
serves were significantly lower in Ctrl conditions compared to biofilms 
exposed to DDBAC (p-value < 0.05, Wilcoxon test; Ctrl: 28.34 ± 8.92 
nmol mg-1 vs. DDBAC: 63.72 ± 53.24 nmol mg-1). 

Changes in fatty acids occurred over the experiment, and highlighted 
an effect of DDBAC exposure. As observed for total storage lipids, PUFA 
content increased over the first 2 weeks (D14: 36.35 ± 21.14 nmol mg-1) 
then dropped down to 3.88 ± 0.69 nmol mg-1 on D30 (p-value < 0.05, 
Dunn test). PUFAs were significantly lower (p-value < 0.05, Dunn test) 
under AP_BAC 1.76 ± 0.0.38 nmol mg-1 than Ctrl conditions (AP_Ctrl: 
13.17 ± 4.28 nmol mg-1) or under continuous photoperiod conditions 
(CP_BAC: 49.70 ± 42.34 nmol mg-1). 

Similar patterns were observed for MUFAs. On D14, MUFA concen
trations (33.53 ± 20.64 nmol mg-1) were significantly higher compared 
to D0 then decreased on D30 (3.20 ± 0.55 nmol mg-1), confirming the 
effect of timing (p-value < 0.05, Dunn test). DDBAC-exposed biofilms 
had greater MUFA content under continuous illumination (CP_BAC: 
46.99 ± 41.23 nmol mg-1) compared to alternate photoperiod condi
tions (AP_BAC: 1.47 ± 0.37 nmol mg-1) (p-value < 0.05, Dunn test). 

The PCA shown in Fig. 5 is based on storage lipid data analyzed on 
D0 and D30; the analysis describes 54.3 % of the variance in the 
composition of biofilms related to inter-conditions and temporal 
changes. Fig. 5B highlights a clear temporal distinction between days D0 

and D30, along Axis 1 (34.8 %). Axis 2 of the PCA (19.5 %) in
dividualizes AP_BAC at D30, however, the dispersion of individuals did 
not allow to evidence statistically significant differences. 

The storage lipid content varied over time: in fact, at D0, there were 
more C16:4 (14.28 ± 0.39 %), C18:3 (11.98 ± 0.68 %), C18:4 (6.4 
± 0.50 %), C22:5 (0.67 ± 0.04 %). However, at D30, there were more 
C16:0 (15.59 ± 0.80 %) and C16:1 (17.02 ± 1.46 %). 

Also, storage lipid content in AP_BAC biofilms versus the other tested 
conditions highlighted divergences related to specific fatty acids such as 
C16:0 (18.17 ± 0.70 %), C18:0 (10.40 ± 0.60 %); C18:1 (13.93 ± 1.42 
%); C20:0 (4.77 ± 1.45 %); C22:4 (0.17 ± 0.03 %) for AP_BAC. AP_BAC 
biofilms contained more saturated FAs (C16:0 and C18:0) than in 
CP_BAC, highlighting the effect of light changes. In contrast, CP_BAC 
biofilms contained more C16:1 (16.70 ± 3.43 %), C14:0 (5.20 ± 0.50 
%) and C20:4 (2.67 ± 0.67 %). 

3.4. Oxylipins as markers of oxidative stress 

HEPE (hydroxyl-pentaenoic acids) and HETE (hydroxy-eicosate
traenes acids), deriving from the oxidation of eicosapentaenoic acid 
(C20:5) and arachidonic acid (C20:4), were not present in our samples 
despite the presence of C20:5 and C20:4 (Figs. 4 and 5; [79]). The 
oxylipins HODEs and HOTrEs identified were analyzed from the free 
fatty acids fraction, and may thus be considered as a global lipid stres
s/oxidation, not affecting storage or membrane lipids ( Fig. 6). On D0, 
the concentrations of oxylipins were 5.39 ± 4.96 pmol mg-1 of HODEs 
and 3.23 ± 2.70 pmol mg-1 of HOTrEs, with an oxylipin ratio of 0.43 
± 0.38 ‰. A significant increase in oxylipin concentrations and oxylipin 
ratio was observed between D0 and D30 (p-value < 0.05, Dunn test; 
D30: 2.50 ± 0.66 ‰). At the end of the experiment, HODE concentra
tions reached 36.97 ± 6.15 pmol mg-1, and HOTrE levels were 7.70 
± 1.43 pmol mg-1, leading to an oxylipin ratio of 2.50 ± 0.66 ‰. 

For all oxylipin descriptors, a significant impact of DDBAC exposure 
was highlighted. HODE concentrations in the biofilms exposed to 
DDBAC were significantly higher than under Ctrl conditions all times 
combined (p-value < 0.05, Wilcoxon test, DDBAC: 35.46 ± 7.63 pmol 
mg-1 vs. Ctrl: 16.27 ± 3.97 pmol mg-1). A significant increase in HOTrE 
concentrations under DDBAC exposure was observed on D14 only (p- 
value < 0.05, Wilcoxon test, DDBAC: 8.73 ± 3.03 pmol mg-1 vs. Ctrl: 
1.66 ± 0.91 pmol mg-1). As a consequence, the ratio oxylipins/total 
fatty acids was significantly higher with DDBAC exposure than under 
Ctrl conditions (p-value < 0.05, Wilcoxon test, DDBAC: 2.50 ± 0.67 ‰ 
vs. Ctrl: 0.87 ± 0.25 ‰). This significant difference was observed from 
D14, where Ctrl values were already lower than DDBAC-exposed ratios 
(p-value < 0.05, Wilcoxon test, Ctrl: 0.48 ± 0.24‰ and DDBAC_D14: 
1.78 ± 0.45 ‰). 

4. Discussion 

This experiment consisted in characterizing the effects of two urban 
pollutants: ALAN and DDBAC, on freshwater biofilms using different 
biomarkers. The experimental environments were similar between 
exposure conditions and stable over the experiment, except for water 
temperature which was about 0.8 ◦C higher under continuous illumi
nation compared to the alternate photoperiod (CP: 22.77 ± 0.22 ◦C; AP: 
21.99 ± 0.09 ◦C). This difference can be explained by the continuous 
lighting of the LEDs, which probably affected the temperature. Such a 
slight increase in temperature is unlikely to significantly drive the 
response of the descriptors studied here. In Yang et al. [93], there was no 
significant effect on polysaccharide content between 25 and 30 ◦C. The 
experimentation of Hua et al. [38] did not study temperature variation, 
but their range of values was greater than ours (17 to 25 ◦C, vs. 22 to 
23 ◦C in this study). Therefore, the results presented here were mostly 
related to the alteration of photoperiod or DDBAC contamination. 

Table 2 
Summary of membrane lipids concentrations (mean ± standard errors) during 
the experiment in nmol mg-1.  

Days Total membrane lipids SFA MUFA PUFA 

D0 46.71 ± 9.41 4.32 ± 0.46 5.72 ± 1.19 36.68 ± 7.84 
D14 46.06 ± 6.49 3.30 ± 0.51 7.07 ± 0.91 35.69 ± 5.33 
D30 23.68 ± 4.59 4.02 ± 0.95 5.81 ± 1.29 13.85 ± 2.98  
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4.1. ALAN impacts on biofilms 

In the literature, ALAN has already been shown to influence the 
mechanisms of photosynthetic activity and competitive interactions 
between the species composing biofilms [32,49,50]. In this study, ALAN 
caused a reduction in the photosynthetic yield of biofilms, confirming 
the impact of continuous illumination on the photosynthesis cycle and 
associated ecosystem functions [49]. Photosynthesis consists in the 
optimal absorption of light: in the chloroplast, the incident photon flux 
is harvested by specific proteins located in photosystem II (PSII) and the 
electron transport through the thylakoid membrane is further used for 
ATP synthesis [39]. Excess light exposure destabilizes the transthylakoid 
pH gradient by proton accumulation in the lumen, potentially driving 
reactive oxygen species (ROS) production and damaging the 

photosynthetic apparatus [4]. In natural conditions, different processes 
can reduce the impact of excessive or continuous light on the biofilm and 
ensure photoprotection. High intensity light is known to induce photo
inhibition and photodamage [19,39,90]. It provokes a sharp decrease in 
photosynthetic efficiency, followed by a rapid recovery of the original 
photosynthetic levels [71], suggesting the capacity to quickly initiate 
photoprotective mechanisms. Photoprotection against high irradiances 
is achieved in photosynthetic organisms through several complementary 
mechanisms, such as the thermal dissipation of excess energy stimulated 
by the proton-induced xanthophyll cycle (non-photochemical quench
ing) or the production of antioxidant or scavenging enzymes to deal with 
excess ROS [65]. In our study, different hypotheses could explain the 
reduction in photosynthetic yield under ALAN conditions: a decrease in 
the size of the light-harvesting complexes, changes in the compositions 
and concentrations of pigments, saturation of the electron transport 
chain [39,48,80]. A study on the cyanobacteria Microcystis aeruginosa in 
the presence of ALAN showed, for example, an increase in chlorophyll a 
content and a reduction in the number of PSI per chlorophyll a [67]. At 
this point, complementary studies are necessary to validate or not these 
hypotheses on a multi-specific community. 

A likely consequence of inter-species differential abilities to cope 
with photodamage, ALAN impacts the taxonomic composition of pri
mary producers, as highlighted by Hölker et al. [36], Grubisic et al. [32] 

Fig. 4. Principal Component Analysis (PCA) carried out on the relative abundance of fatty acids (%) in membrane lipids, as a function of experimental conditions 
(AP: Alternate photoperiod, CP: Continuous photoperiod, with BAC when indicated) and sampling dates (D0 vs. D30). A: Correlations between variables (fatty acids 
relative concentrations) on dimensions 1 and 2; B: Projection of the observations, grouped by conditions (D0: black dots, AP_Ctrl: gray triangles, AP_BAC: pink 
squares, CP_Ctrl: blue crosses, CP_BAC: purple squares) on the same dimensions. 

Table 3 
Summary of storage lipids concentrations (mean ± standard errors) during the 
experiment in nmol mg-1.  

Days Total storage lipids SFA MUFA PUFA 

D0 16.24 ± 1.22 3.34 ± 0.23 3.04 ± 0.32 9.87 ± 0.69 
D14 88.25 ± 52.59 18.37 ± 10.84 33.53 ± 20.64 36.35 ± 21.14 
D30 9.86 ± 1.52 2.85 ± 0.34 3.20 ± 0.55 3.81 ± 0.69  

Fig. 5. Principal Component Analysis (PCA) carried out on the relative abundance of fatty acids (%) in storage lipids, as a function of experimental conditions (AP: 
Alternate photoperiod, CP: Continuous photoperiod, with DDBAC when indicated) and sampling dates (D0 vs. D30).A: Correlation circle of the variables (fatty acids) 
on dimensions 1 and 2B: Projection of the observations, grouped by condition (D0: black dots, AP_Ctrl: gray triangles, AP_BAC: pink squares, CP_Ctrl: blue crosses, 
CP_BAC: purple squares) on the same dimensions. 
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or Wang and Jia [88]. The latter results showed a decrease in pop
ulations of photoautotrophs (diatoms, cyanobacteria; [32]), and a 
decrease in chlorophyll a concentration [88] under continuous light 
exposure. In our study, changes in algal composition were also observed 
under CP conditions, with a decrease in green algae in the favour of 
diatoms but no effect on cyanobacteria. With fatty acids, such taxonomic 
shifts were highlighted by a change of membrane lipids composition 
(Fig. 4) from abundant C16:3, C16:4, C18:3 and C18:4 (markers of green 
algae; [24]) to increased C20:5 (marker of diatoms; [8]). However, a 
reduction of C16:3, C16:4, C18:3 and C18:4 was also highlighted in 
storage lipids but not accompanied by an increase of C20:5 (Fig. 5), 
suggesting that the light-induced stress was sufficient to change the 
composition of membrane but not enough that of storage lipids. 

Apart from the aforementioned effects on biofilm taxonomic 
composition and specific lipid markers seen on the ACP, lipids and fatty 
acid composition did not show changes as striking related to ALAN 
conditions as observed by e.g., Napolitano [64]. Light intensity can 
affect the lipid composition of various organisms like diatoms [10] and 
green algae [64]. For example, Brown et al. [10] observed that micro
algae were poorer in saturated fatty acids and monosaturated fatty acids 

after 10 days of exposure to ALAN at 50 µmol m-2 s-1 than microalgae 
exposed at 100 µmol m-2 s-1. The incident light that Brown et al. [10] 
used in their experiment is close to our experimental conditions (91 
± 39 μmol m-2 s-1 at the surface of the beakers). Napolitano [64] also 
showed that green algae presented less polar lipids and more TAGs after 
a 7-day exposure to high light intensity as compared to lower intensity 
during the same period. In our study, such differences between FA 
groups and concentrations in membrane lipids were not highlighted. 
However, the aforementioned studies dealing with ALAN effects on 
lipids or fatty acids mainly relied on algal monocultures (Thalassiosira 
pseudonana, [10]; Cladophora spp., [64]; Chlorella vulgaris, [2]) rather 
than on whole biofim communities. 

4.2. DDBAC impacts on biofilms 

DDBAC concentrations in the water of the contaminated conditions 
did not match the nominal concentration of 100 µg L-1, even in the abiotic 
condition. This is likely to be the consequence of partial sorption of the 
contaminant on the experimental system, a common drawback in toxi
cological chemistry [13,91]. Biofilms in the contaminated condition were 

Fig. 6. Concentrations of HODEs and HOTrEs (in pmol mg-1 dry weight biofilm) and oxylipin ratio (in per thousand Eq. 2), as a function of the experimental 
conditions and exposure duration (Day 0-D0: diamonds, white; Day 14-D14: dots, green; Day 30-D30: triangles, gray). AP: Alternate photoperiod, CP: Continuous 
photoperiod, with DDBAC when indicated. 

C. Roux et al.                                                                                                                                                                                                                                    



Journal of Hazardous Materials 472 (2024) 134523

10

exposed to low doses (compared to the environmental concentrations 
reported in Antunes et al. [3], with observed DDBAC concentrations in the 
experimental system averaging 1.2 ± 0.3 µg L-1). The decrease in dis
solved DDBAC was almost immediate in the systems containing biofilms, 
while it occurred at a longer term under abiotic conditions. Similarly, 
Chen et al. [13] reported a 30 % difference between expected and actual 
DDBAC concentrations, and explained this discrepancy by a sorption to 
the glass beaker. Concomitantly, DDBAC was quantified in the biofilms at 
concentrations of 0.980 ± 0.632 ng mg-1 dry weight (average concen
trations for D14-D30), suggesting at least partial removal by the biological 
matrix. Indeed, the n-octanol-water partition coefficient (log Kow) of 
DDBAC (2.93, [1]) suggests affinity of the compound with biological 
material, which is confirmed by its binding potential with organic matter 
(log Kd = 3, [22]). QACs can be adsorbed by a wide variety of organic 
materials such as sewage sludge [14], sediments [85,96], bacterial cell 
walls, clay, and humic materials [85]. The sorption of QACs depends on 
the length of carbon chains, the longer the carbon chain, the higher the 
sorption. In the biotic conditions, the decrease in DDBAC was likely due to 
simultaneous sorption on abiotic and biotic surfaces (including EPS) and 
possible biodegradation. Using another organic compound, the herbicide 
diuron, Chaumet et al. [11] also demonstrated rapid bioaccumulation by 
biofilm organisms and within EPS, concomitant to a decrease in dissolved 
diuron concentrations in the water. Here, DDBAC bioaccumulation 
reached a value of log(BCF)= 2.97 ± 0.16, which falls in the range of 
values obtained for the same compound in an experiment performed on 
biofilms for a shorter duration (10 days) and with a concentration 300 
times higher than in this study (nominal concentration: 30 mg L-1, [87]). 
DDBAC accumulation in biofilms may have occurred within living cells as 
well as in the EPS, although our analysis protocol did not allow to 
distinguish between biofilm fractions. Increased production of EPS in the 
presence of BAC was shown by Nakamura et al. [63], and interpreted as a 
protective mechanism. Li et al. [46] exposed the green alga Chlorella 
vulgaris to another QAC, cetyltrimethyl trimethyl ammonium chloride 
(CTAC) in the presence and absence of EPS; they showed an interaction 
between EPS and CTAC exposure, highlighted by the presence of EPS, the 
CTAC-induced stress decrease on the algae. 

Contrary to Vrba et al. [87] and Ge et al. [29], our study did not show 
any decrease in photosynthetic efficiency in presence of DDBAC. Ge 
et al. [29] exposed microalgae for 10 days to several concentrations of 
DDBAC ranging from 3 to 48 mg L-1, and found that photosynthesis was 
impacted from the lowest concentration tested. Vrba et al. [87] also 
found a striking decrease of PSII yields in biofilms exposed to 30 mg L-1 

of DDBAC, from the second day of exposure in artificial channels, 
remaining visible until 10 days of experiment. However, in the present 
study, we used much lower concentrations than the above-mentioned 
studies, so that the photosynthetic efficiency of biofilms was not spe
cifically impacted by DDBAC on the dates of sampling (after 14 and 30 
days of exposure). The most striking effects of DDBAC were found herein 
in the fatty acid composition of membrane and storage lipids (Figs. 4 and 
5) and oxylipins. A decrease in essential polyunsaturated fatty acids, 
such as some omega-3 and omega-6, could alter the nutritional quality of 
biofilms, and therefore decrease the energy supply along the food chain, 
with consequences on the entire ecosystem [9]. Mazzella et al. [52] also 
showed a decrease of PUFAs in biofilms with DDBAC. In this study, at 
D0, the biofilms contained higher amounts of C20:3 (likely an omega-6 
FA) and PUFAs compared to D30 exposed to DDBAC in membrane lipids. 
Such a decrease in PUFAs in the favor of high amounts of SFA (saturated 
fatty acids) like C12:0, C14:0 and C16:0 on D30, suggests a decrease in 
the nutritional quality of biofilms for the food chain, as omega-3 and 
omega-6 are essential FA for energy transfer through trophic in
teractions [82]. In storage lipids, at D0, omega-6 FAs (like C18:3, C22:5) 
and PUFAs were largely abundant in biofilms, but only C16:0 and C16:1 
remained at D30. Therefore, DDBAC possibly impacts aquatic 
food-chains through impairment of the transfer efficiency of these FAs 
from microalgae to consumers. 

DDBAC is able to penetrate the cell and thus modifies cellular 
integrity [34,47,72]. Liu et al. [47] showed a link between the mem
brane integrity and the quantities of lipopolysaccharides (LPS). In fact, 
in bacteria exposed to DDBAC, LPS quantities decreased, and the 
expression of lipoprotein-related genes was upregulated, increasing 
membrane permeability. Han et al. [34] showed that QACs enhanced 
membrane permeability in bacterial cells and the production of ROS, 
potentially increasing oxylipin production. DDBAC exposure can also 
induce ROS production, as shown in the cyanobacteria Microcystis aer
uginosa [95]. Entry of DDBAC into the cell likely resulted in the increase 
in oxylipin observed in our study, as shown by concentrations of HODEs 
and HOTrEs. These oxylipins derive from the respective degradation of 
C18:2 and C18:3 PUFAs, which could be caused by an oxydative stress 
[69]. These fatty acids are biomarkers of green algae and cyanobacteria 
[44,68]. Contrastingly, HEPEs originating from C20:5 were not found 
here. In Fig. 4, C20:5 was present in all conditions on D30 (with values 
ranging between 17 to 8%). It can be argued that DDBAC has a toxic 
effect on the PUFA of green algae but do not affect diatoms. Changes in 
oxylipin profiles were documented for several aquatic organisms. A 
specific increase in oxylipins following exposure to nitric oxide were 
already described on microorganisms by Johnson et al. [41], using the 
diatom Phaeodactylum tricornutum as a model species. Other studies on 
macroalgae facing heavy metal stress showed an increase in oxylipins 
[86]. Similar responses were also found with macrofauna: exposure of 
Daphnia magna to psychiatric drugs impacted their oxylipin profiles 
[27]. In addition, studies considering oxylipins along trophic chains 
have shown that feeding copepods with food containing oxylipins can 
cause infertility to the consumers [25,57,70]. Therefore, oxylipin pro
duction by biofilms exposed to DDBAC also possibly impairs other 
components of aquatic communities functioning. As such, oxylipins 
appear as good biomarkers of oxidative stress in natural environments 
[26,74]. In our study, oxylipins revealed to be relevant biomarkers for 
benthic microalgae in response to a toxic exposure; they are sensitive 
and relevant for detecting oxidative stress, in the face of an emerging 
chemical pollutant. 

4.3. Combined effects of ALAN and DDBAC on biofilms 

In natural conditions, more than two simultaneous stresses can 
impact the structure and functioning of biofilms, especially in urban 
areas. Unfortunately, our experimental design (three independent rep
licates) did not allow for a robust statistical assessment of the interactive 
effects of time, DDBAC and ALAN on the biofilms. As stated above, we 
demonstrated effects specific of each stressor; DDBAC increased oxylipin 
production, while ALAN impacted biofilm photosynthesis. However, 
under combined stressors, several descriptors exhibited more heterog
enous responses than with exposure to a single stressor. Indeed, inter- 
replicate variability was much higher for total chlorophyll on day 14 
(Fig. 2), for MUFA and PUFA proportions in storage lipids, as well as in 
oxylipins (HODEs, HOTrEs and oxylipin ratio) on both day 14 and day 
30 (Fig. 6). To fully comprehend the possible interaction between ALAN 
and DDBAC on biofilms, additional data or research are crucially 
needed. Deleterious impacts on this basal resource of aquatic ecosystems 
can indeed have cascading effects on higher trophic components, and 
finally on human health. Therefore, more studies are required to 
describe the effects of urban stressors, alone and combined. 

5. Conclusions 

This study highlights the impacts of two urban pollutants of different 
nature (physical, chemical) on aquatic biofilms. We found that toxicants 
shared the same cellular targets as excess light, with the generation of 
ROS likely to damage the photosynthetic systems in microalgae. In 
contrast to our expectations though, the effects on biofilms were quite 
specific of the type of stress. Indeed, ALAN caused changes in the 
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microalgal composition and altered the photosynthetic function of the 
biofilm (photosynthetic yield). DDBAC seemed to modify lipid profiles 
in biofilms and to provoke specific oxidative stress on fatty acids, as 
highlighted by the presence of HODE and HOTrE oxylipins. Our results 
could not readily address the interaction between both stressors on the 
descriptors studied. However, laboratory conditions in this work were 
simplified as compared to the diversity of potential urban stressors faced 
simultaneously by the biota in natural environments. We recommend to 
investigate the long term impact of urban stressors in situ on biofilm fatty 
acid composition with a focus on oxylipins, to confirm the potential of 
this biomarker as an indicator of ecosystem impairment. 

Environmental implications 

Our study addressed the effects of two anthropogenic threats to 
aquatic biodiversity in urban environments: biocide contamination 
(DDBAC) and artificial light at night (ALAN). ALAN is ubiquitous, 
affecting all aquatic environments worldwide, while DDBAC is 
increasingly present in urban environments. We demonstrated that 
ALAN affects the photosynthesis of microalgal communities and that 
DDBAC exposure increases oxylipin production by the biofilms, which 
represent basal resources of most aquatic food chains in urban envi
ronments and elsewhere. This work confirms that stressors typical of 
urban environments deserve more research, in particular under more 
realistic (natural) conditions and taking into account possible interac
tive effects. 
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