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ABSTRACT

Herbicide pollution poses a worldwide threat to plants and freshwater ecosystems. However, the understanding of
how organisms develop tolerance to these chemicals and the associated trade-off expenses are largely unknown.
This study aims to investigate the physiological and transcriptional mechanisms underlying the acclimation of the
green microalgal model species Raphidocelis subcapitata (Selenastraceae) towards the herbicide diflufenican, and the
fitness costs associated with tolerance development. Algae were exposed for 12 weeks (corresponding to 100 genera-
tions) to diflufenican at the two environmental concentrations 10 and 310 ng/L. The monitoring of growth, pigment
composition, and photosynthetic performance throughout the experiment revealed an initial dose-dependent stress
phase (week 1) with an ECs of 397 ng/L, followed by a time-dependent recovery phase during weeks 2 to 4. After
week 4, R. subcapitata was acclimated to diflufenican exposure with a similar growth rate, content of carotenoids,
and photosynthetic performance as the unexposed control algae. This acclimation state of the algae was explored in
terms of tolerance acquisition, changes in the fatty acids composition, diflufenican removal rate, cell size, and changes
in mRNA gene expression profile, revealing potential fitness costs associated with acclimation, such as up-regulation of
genes related to cell division, structure, morphology, and reduction of cell size. Overall, this study demonstrates that
R. subcapitata can quickly acclimate to environmental but toxic levels of diflufenican; however, the acclimation is as-
sociated with trade-off expenses that result in smaller cell size.
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1. Introduction

Diflufenican is a fluorinated herbicide commonly used in the agricul-
tural sector in Europe due to its high efficacy to reduce broadleaf weeds
in winter cereal crops (Messelhéuser et al., 2021). Diflufenican residues
are detected in many European surface waters nearby agricultural activi-
ties. For instance, in Swedish rivers and streams, concentrations of
diflufenican can range between 10 to 100 ng/L (Boye et al., 2019), and
up to 503 ng/L in Spanish rivers (Herrero-Hernandez et al., 2020), being
in many cases above the predicted non-effect concentrations (PNEC) for
the environment (4.5 ng/L; Bostrom et al., 2017). The derived ecological
risk of diflufenican in water bodies is mainly due to its high toxicity to
algae, with an ECs, value (72 h) ranging from 270 to 510 ng/L (Book
et al., 2022; Weyman et al., 2012). Diflufenican is currently included in
the watch list of substances for the European Union-wide monitoring in
the field of water quality (EU Directive 2008/105/EC).

Diflufenican acts by blocking the biosynthesis of the carotenoid pig-
ments (Miras-Moreno et al., 2019), which starts with the condensation of
two geranylgeranyl diphosphate (GGPPs) to produce phytoene, and in
turn, is transformed to lycopene through the action of the phytoene
desaturase (PDS). Diflufenican specifically blocks the desaturation step by
inhibiting the PDS activity, thereby impeding the entire carotenoid biosyn-
thetic pathway. The lack of carotenoid pigments typically results in the
death of the whole plant, due to the fundamental importance of this pig-
ments' family in the dissipation of excess excitation energy during photo-
synthesis (Miras-Moreno et al., 2019).

Microalgae comprise a diverse functional group of eukaryotic photosyn-
thetic organisms that occupy nearly every aquatic environment (Wu et al.,
2017). Through photosynthesis, algae use light energy to fix carbon dioxide
into complex organic molecules that act as the main carbon source for or-
ganisms occupying higher trophic levels (Ramaraj et al., 2014). Due to
their importance, ubiquity, and strong sensitivity to environmental
changes, microalgae are commonly used as standard tests organisms in bio-
assays, representing an efficient and fundamental approach in the evalua-
tion of the ecological risk and toxicity of chemicals that are released into
surface waters (Ceschin et al., 2021; Wu et al., 2017). The globally distrib-
uted green microalga Raphidocelis subcapitata (Selenastraceae; syn.
Pseudokirschneriella subcapitata) is regularly used as a model species for
standard ecotoxicological growth assays (OECD 201). As a result, a detailed
ecotoxicological dataset based on the effective median concentration
(ECsp) of this species has been built up over the years. However, this knowl-
edge is restricted to growth tests, where the species is exposed to a com-
pound for a period of 72 to 96 h (OECD 201). Scarce information is
available on how R. subcapitata responds during longer exposure times. Pre-
vious studies have shown that algae possess a great phenotypic plasticity to
acclimate towards chemical stressors such as heavy metals via changes in
gene expression (Thiriet-Rupert et al., 2021).

From an environmental perspective, herbicide sub-lethal effects and ac-
climation mechanisms would be more expected rather than lethal effects,
since lethal concentrations are rarely reached in freshwater environments
(Huertas et al., 2010). The acclimation processes imply fitness trade-offs
due to the changes in the allocation of energy resources, resulting in a
loss of fitness in cellular functions not directly related to responses to the
stressor (Yoshida et al., 2004). Hence, it is important that we identify effects
and acclimation mechanisms towards hazardous chemicals at sub-lethal
levels, and that we improve our understanding of the biological expenses
of acclimation. Gene expression-based studies of acclimation processes in
microalgal model species to potentially harmful substances in environmen-
tal concentrations — that is, of ecotoxicological relevance — are scarce.

In this study, we aimed to investigate via an acclimation laboratory ex-
periment the ability of R. subcapitata to acclimate to two environmental
concentrations of diflufenican — one low (10 ng/L) and another close to
the ECso based on growth rate after 72 h (310 ng/L) over an ecological
timescale of 12 weeks. We examined the physiological and molecular
mechanisms underlying the algal acclimation and associated fitness costs
by measuring changes in growth rate, pigment content, tolerance
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induction, cell size, fatty acids composition and content, as well as gene ex-
pression via mRNA-sequencing analysis.

2. Materials and methods
2.1. Experimental design

The experimental design included unexposed controls and two
diflufenican exposures (10 and 310 ng/L), each in triplicate flasks. Both
tested concentrations of the herbicide were environmentally relevant
based on previous studies (Boye et al., 2019; Herrero-Hernéndez et al.,
2020). The higher tested concentration is close to the ECso for
R. subcapitata based on growth rate (previously determined in our lab
ECso 72 h = 397 ng/L). All replicates were sourced from the same batch
culture. Each replicate (n = 3 per test concentration), was cultivated in
260 mL Nunc™ Non-treated Flasks (Thermo Scientific™, cat n° 132903)
with an initial density of 20,000 cells/mL, in 50 mL of C medium
(Ichimura, 1971) spiked with the corresponding test concentrations of
diflufenican (see below). Cultures were maintained throughout the experi-
ment under axenic conditions, using an adjusted serial batch culture ap-
proach of LaPanse et al. (2021), by harvesting the cells in the late
exponential growth phase and re-inoculating them in fresh media contain-
ing diflufenican (including 10 or 310 ng/L diflufenican for the treated cul-
tures) every week at a starting cell density of 20,000 cells/mL.

Algal re-inoculation was performed by taking the corresponding vol-
ume from the 7-day-old cultures to have a final concentration of
~20,000 cells/mL in 6 mL of medium C. Next, 5 mL of each algal diluted
culture was diluted onto 45 mL of fresh media to form a working volume
of 50 mL in each flask.

Cell growth and photosynthetic performance (as determined by the
maximum quantum yield of photochemical energy conversion in photosys-
tem II [PSII]) were measured once a week (after 72 h when cells were in ex-
ponential growth and after 7 days of re-inoculation, respectively). Samples
for pigment profiling were taken weekly. However, samples corresponding
to weeks 5, 6 and 8 were lost due to technical problems. At the end of the
experiment (week 12), samples for fatty acids composition and cell size
analysis as well as mRNA sequencing were taken for all test concentrations
after 72 h of re-inoculation (exponential phase).

2.2. Study species and culture conditions

The green microalga Raphidocelis subcapitata was used in the present
study. A clonal and axenic strain of R. subcapitata NIES-35 (= ATCC22662)
was purchased from the Microbial Culture Collection at the National Insti-
tute for Environmental Studies, Japan (http://mcc.nies.go.jp). The strain
was cultivated in 50 mL flasks (Nunc™ Non-treated Flasks, Thermo
Scientific™) containing medium C (Ichimura, 1971) and grown in a
phytotron chamber at 21 #= 2 °C under daylight fluorescence tubes
(~100 pmol photons/m?/s) with a 16 h photoperiod cycles. Cultures were
constantly agitated using a horizontal shaker set to 55 rpm. The culture
cell densities were measured by chlorophyll-a fluorescence (VarioskanFlash
version 4.00.53) using 250 pL aliquots in 96 well-plates (Supplementary ma-
terial), with the accuracy of the measurements confirmed by flow cytometry
(CyFlow® Cube 8 flowcytometer, Sysmex Partec GmbH, Gorlitz, Germany).

Prior to the experiment, growth was monitored for 10 days in 24 h inter-
vals to establish the lag (2 d), exponential (3 d), stationary (2 d) and decline
(2 days)-phases of NIES-35 under our test system. Starting cell density was ca.
20,000 cells/mL. A batch culture was produced 72 h prior to the start of the
experiment in 260 mL flasks (Nunc™ Non-treated Flasks (Thermo Scientific™,
cat n° 1329039) to ensure enough cells in the exponential-growth phase.

2.3. Diflufenican stocks and tests
To obtain the different test concentrations, one diflufenican stock solu-

tion (27.5 mg/L in 96 % MeOH) was prepared from powdered diflufenican
(CAS nr 83164-33-4; Sigma-Aldrich, Merck KGaA). From this solution, an
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intermediate solution of 6.42 mg/L was prepared fresh for every new inocu-
lation (weekly). Briefly, 28.8 pL of diflufenican stock solution (27.5 mg/L)
were pipetted into 50 mL sterile centrifuge tubes. After MeOH evaporation,
40 mL of sterile C medium was added and rigorously shaken in the dark for
1 h, allowing the diflufenican to mix well. The intermediate diflufenican so-
lution was vortexed for a further 3 min and then used to prepare the different
diflufenican test concentrations (i.e., 0, 10 and 310 ng/L) in 500 mL sterile
glass Erlenmeyer flasks filled with sterile medium C up to 160 mL. Flasks
were shaken again by hand for another 5 min. A total of 45 mL of each solu-
tion were placed in the culture flasks before algal re-inoculation. This proce-
dure was repeated weekly for the entire duration of the experiment.

Non-algae control flasks were also prepared in the same way as the
flasks containing algae (i.e., three different concentrations of diflufenican
and in triplicates) to monitor the potential abiotic loss of diflufenican.

2.4. Phenotypic descriptors

2.4.1. Growth rate
The growth rate of cultures was calculated using the equation provided
by Chalifour and Tam (2016):

_ In Ny — In Ny
d 1 — X
b (days ™) ===
where Ny and Ny, are the chlorophyll-a fluorescence values at day X and 0,
respectively, and t, and t, are the corresponding sampling time points.

2.4.2. Cell size

Cell size data was collected using a flow cytometer (CyFlow® Cube 8
flowcytometer, Sysmex Partec GmbH, Gorlitz, Germany) by displaying cell
counts (FL3-A, laser excitatory 488 nm, filter >670 nm) versus FSC-A (for-
ward scatter) and SSC-A (side scatter), following to Almeida et al. (2019).

2.4.3. Pigment content

Aliquots of each culture (5 mL) were centrifuged at 5000g for 10 min.
After removing most of the resulting supernatant (4 mL), the pellet was re-
suspended in the remaining supernatant and transferred to 2 mL microcen-
trifuge tubes for a second centrifugation (5000g for 5 min). The supernatant
was discarded, and pellets were stored at —80 °C until further analysis. Pig-
ments were extracted by resuspending the frozen pellets in 1 mL of solvent
(80/20 acetone/methanol v/v) and incubating for 1 h at —20 °C in dark
conditions. Ultrasonication was then performed on the solution at 4 °C for
3 min, followed by incubation overnight at —20 °C to ensure total pigment
extraction. Samples corresponding to weeks 1 to 4 and week 12, were ana-
lyzed by high-performance liquid chromatography (HPLC; Shimadze Prom-
inence HPLC Systems). The extracts were then filtered through 0.45 pm
Target2™ Nylon Syringe 4 mm diameter Filters (Thermo Scientific™, cat
n° F2504-1) and stored at —20 °C in dark glass vials until analyzed HPLC
according to Corcoll et al. (2019). A total of 13 photosynthetic pigments
were identified, including chlorophyllides (chlorophyll-a, chlorophyll-b,
and pheophytin-a), carotenoids (f3-carotene and (3-E carotene) and xantho-
phylls (neoxanthin, violaxanthin, zeaxanthin, loraxanthin, lutein, 9-cis
neoxanthin, antheraxanthin and canthaxanthin). Pigments were identified
using internal standards, and relative abundance was estimated according
to Wright and Jeffrey (2006).

Samples corresponding to weeks 9, 10 and 11 were analyzed by spectro-
photometry. The extracts were centrifuged at 5000 rcf for 15 min to remove
debris. 250 pL of the supernatants were pipetted in 96 well-plates and im-
mediately measured. The absorbance spectrum from 400 nm to 700 nm
in 5 nm intervals was measured by a spectral scanning multimode reader
(Varioskan Flash by Thermo Fisher Scientific).

The total carotenoids (Cx .) were calculated according to Wellburn
(1994), using the equation:

Cyic = (1000 Agzg — 3,27C, — 104Cy)/198
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2.4.4. Photosynthetic quantum efficiency

The photosynthetic performance of cultures was determined from the
quantum yield of photochemical energy conversion in PSII as measured
after a saturation pulse (short pulse of 0.2 s) of red light (655 nm)) using
a Pulse Amplitude Modulated — PAM fluorometer (PhytoPAM-ED, Heinz
Walz GmbH, Effeltrich, Germany). Samples of each culture (2 mL) were
measured under agitation following a dark adaptation period of 15 min.
Yield under quasi-dark-adapted conditions was calculated using the follow-
ing equation:

. dF
Yield = =

m

where Fy, is the maximum fluorescence value and dF corresponds to the in-
crease of fluorescence yield, from its current level (F = F) to its maximum
value (F,,). The gain was adjusted for each measurement using the auto-
gain function.

2.4.5. Tolerance tests

To compare the sensitivity of exposed and unexposed algae to
diflufenican and to another environmental pollutant, viz. copper, algal eco-
toxicological bioassays were performed according to the Organization for
Economic Cooperation and Development (OECD) (Test No. 201, http://
www.oecd.org/) guidelines and adjusted following Book et al. (2022).
Starting cell density was set to ca. 20,000 cells/mL, and the algae were
incubated for 72 h in 96 well plates under the same conditions as the
main experiment. The working volume in each well was 200 pL. Growth
was measured using chlorophyll-a fluorescence values at time zero and
after 72 h exposure using a fluorometer (VarioskanFlash version 4.00.53)
at the excitation/emission wavelengths of 425 nm/680 nm. All assays
were performed using one replicate from each treatment (i.e., replicate
A) and were repeated at least twice, on weeks 9 and 10 after the start of
the long-term experiment.

Each assay allowed ten test concentrations of toxicant, plus 30 controls,
all of them performed in triplicates (Fig. S.1, Supplementary information
plate layout). All outer wells of the 96-well plates were used as blanks
since they showed a higher evaporation rate due to increased air exchange.

Diflufenican test concentrations were prepared in two steps. The same
stock solution of 27.5 mg/L as the one used for the long-term exposure
was first diluted to 3.6 pg/L and a volume of 150 pL was added to each of
the wells in positions B2-D2. A 3.47-fold dilution series was performed di-
rectly in the plate, resulting in ten test concentrations ranging from 0.2 to
2.6 pg/L. Finally, 50 pL of algal suspension was added to each well and re-
suspended for mixing, resulting in a total volume of 200 pL per well.

Copper chloride test concentrations were constructed in a similar way.
A working stock concentration of 0.2 g/L of copper (II) chloride dihydrate
(Sigma-Aldrich, 459097, CAS: 10125-13-0) was prepared in medium C,
and a volume of 150 pL was added to each of the wells in positions B2—
D2. A 2.78-fold dilution series was performed directly in the plate, resulting
in 10 test concentrations ranging from 0.02 to 230 mg/L. 50 pL of algal sus-
pension was added to each well, resulting in a total volume of 200 pL per
well.

The 72 h ECs( values were calculated based on the % inhibition of the
growth rate (72 h ECso) compared to the control. The inhibition percent-
ages were plotted against the test concentrations and the sigmoidal
concentration-effect relationship was fitted to the Weibull model through
the data points using the packages “tidyverse”, “drc”, and “readxl” in R v.
4.1. From this relationship, the 72 h ECs, values and their corresponding
lower and upper limits (95 % confidence intervals) were derived. No over-
lapping between the confidence intervals were interpreted as significant
differences between the compared ECss.

2.4.6. Fatty acid composition

Aliquots of each culture (10 mL) were filtered on 47-mm Whatman GF/
F filters, immediately frozen in liquid nitrogen, and stored at —80 °C until
further analysis. Fatty acid extractions were performed according to
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Stamenkovi¢ et al. (2019). Fatty acids were converted to fatty acid methyl
esters (FAMEs) by direct alkaline transmethylation and subjected to analy-
sis on a GC-MS instrument (an Agilent 7820 gas chromatograph coupled to
an Agilent 5975 mass selective detector, Agilent Technologies, USA). Data
are expressed in pmol of total fatty acids per cell (Fig. 2a), and the fatty
acids profiles are shown in relative abundance (molar proportion, mol%)
(Fig. S.2, Supplementary information).

2.5. Diflufenican analysis

The media from all algal cultures (control and both diflufenican expo-
sures) was sampled during week 1 and week 12, immediately after re-
inoculation (tOh) and after 7 days afterwards. Briefly, 2 mL aliquots of
each culture were centrifuged at 5000g for 20 min, with 1 mL of the result-
ing supernatant transferred to 1.5 mL dark glass vials (VWR international,
vial scr. 1.5 mL, amber., 32 X 11.3 mm, cat n° 548-0448) and stored at
—20 °C until further analysis. Water samples were analyzed by a 1200SL
HPLC system (Agilent Technologies, Santa Clara, CA) coupled to an Agilent
G6410A triple-quadrupole mass spectrometer (HPLC/MS/MS). Direct in-
jection was performed after a 1:10 dilution and general source parameters
for the Agilent 6410A were: for ES(+): gas temperature 300 °C; gas flow
13 L/min; nebulizer 25 psi; capillary 4000 V; and for ES(—); gas tempera-
ture 300 °C; gas flow 13 L/min; nebulizer 45 psi; and capillary 5000 V.
Both Q1 and Q3 were set to unit resolution for all transitions. Diflufenican
specific settings were set according to the method OMK 57:7 at the Swedish
University of Agricultural Sciences (Uppsala, Sweden) following the proto-
col described by Jansson and Kreuger (2010). The whole system was con-
trolled by MassHunter software for HPLC/MS/MS. The detection limit
was 10 ng/L. Diflufenican was not detected in the control treatments. The
analyzed diflufenican after medium renewal in the treatment of low con-
centration was 10.7 + 0.2ng/L (n = 5) and, in the treatment of higher con-
centration, was 310.5 = 67 ng/L (n = 5) (Table S.1). Diflufenican
concentrations declined to 90 + 21.7 ng/L (n = 3) after 7 days of exposure
due to abiotic losses of the compound in the test system.

2.6. Statistical analysis for phenotypic responses and diflufenican removal rate

Statistical differences in growth rate, photosynthetic yield, pigments
content, fatty acids composition and diflufenican removal rate between ex-
posed and non-exposed algae to the herbicide were assessed by one-way
analysis of variance (ANOVA), followed by a Tukey post-hoc test for multi-
ple comparisons. A post-hoc test with a p-value < 0.05 was considered sta-
tistically significant.

2.7. Transcriptome analysis via mRNA sequencing

2.7.1. RNA extraction

A volume of 10 mL of each culture was transferred into 50 mL sterile
tubes and centrifuged at 1500¢g for 5 min, at 16 °C. After centrifugation,
9 mL of the supernatant was discarded, and the pellets resuspended in
1 mL of supernatant were transferred to 2 mL microcentrifuge tubes and
centrifuged at 5000g for 5 min. The supernatant was removed, immediately
frozen in liquid nitrogen, and then stored at —80 °C until RNA extraction
(within 3 months). Extraction was performed using the PureLink™ RNA
Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the man-
ufacturer's instructions, with DNA contamination removed using
PureLink™ DNase Set (Thermo Fisher Scientific, Waltham, MA, USA). Insuf-
ficient RNA was obtained for the samples belonging to the treatment
10 ng/L diflufenican for further sequencing analysis. Samples correspond-
ing to controls (n = 3) and test concentration 310 ng/L (n = 3) were
used for mRNA sequencing.

2.7.2. Sequencing

The integrity of the RNA samples was assessed using a 2100 Bioanalyzer
(Agilent), obtaining a RQN (RNA quality number) value between 5.2 and
7.2. One sequencing library from each of the total RNA samples was
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prepared using the TruSeq stranded mRNA library preparation kit with
polyA selection (Illumina Inc.). Cluster generation and 150 cycles of
paired-end sequencing of the six libraries fitted in one lane of an SP flowcell
using the NovaSeq 6000 system and v1.5 sequencing chemistry (Illumina
Inc.) were performed by the SNP&SEQ Technology Platform from the Na-
tional Genomics Infrastructure (NGI) in Uppsala, Sweden. Each sample gen-
erated at least 1.6 M reads.

2.7.3. RNAseq data analysis

Paired-end, 150 bp long raw reads in FastQ format were evaluated using
FastQC v 0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Reads were trimmed for quality and adaptor contamination
using BBDuk v 38.90 (https://github.com/BioInfoTools/BBMap/blob/
master/sh/bbduk.sh) with the following parameters: ref = truseq_rna.fa.
gz qtrim = fktrim = rk = 20 min k = 11 h dist = 2 trimpolyg = 10
tpe tbo.

Trimmed reads were aligned to the reference genome Raphidocelis
subcapitata 1.0 (GCA-003203535.1) using the Rsubread package v 2.10.4
(Liao et al., 2019), with an average genome of 65 % coverage. The analysis
was followed by the estimation of read counts for each gene using the func-
tion featureCounts from Rsubreadpackage v 2.10.4 (Liao et al., 2014). Based
on the count matrix, samples were clustered using principal component
analysis (PCA), and differentially expressed genes (DEGs) were identified
using the DESeq2 v 1.36.0 package, from Bioconductor v 3.15 (https://
bioconductor.org/packages/release/bioc/html/DESeq2.html). The result-
ing p-values were adjusted using the Benjamini-Hochberg false discovery
rate (FDR) algorithm. DEGs in acclimated algae relative to controls were
identified with a cut-off of |log2 Fold Change (FC)| > 2 and adj p
value < 0.05. For visualization of DEGs, a volcano plot was constructed
using the EnhancedVolcano (v 1.14) R package from Bioconductor (v 3.15).

Gene Ontology (GO) terms were assessed to the annotated R. subcapitata
genome based on Ensembl annotation of the algal species Chlamydomonas
reinhardtii (Chlamydomonadaceae). Gene set enrichment analysis was per-
formed using the piano v 2.12 R package in Bioconductor. Fisher, Stouffer,
and tail-strength tests were individually performed using as input the DEGs
obtained from DESeq2. Their corresponding log2 fold change adjusted p-
values (calculated using the Benjamini-Hochberg FDR algorithm), and the
GO terms individually associated with each gene were used to designate
gene sets. The results from the tests performed individually were combined
using the consensusHeatmap option, obtaining consensus scores that indi-
cate the mean rank for each gene set by the different performed tests. A
heatmap with the gene set consensus scores was created using the same op-
tion. The raw data were deposited to the NCBI short read archive (SRA)
with BioProject accession number PRINA908764 (https://www.ncbi.nlm.
nih.gov/sra/PRINA908764).

The significance of the upregulation of the carotenoid biosynthesis
pathway was assessed by performing a permutation test. A score was cre-
ated based on the sum of the log2 fold-changes of the eight genes identified
for this pathway. When a gene was identified in duplicate, the score that
drove in a higher magnitude the direction of the gene was selected. A p-
value was derived by comparing the observed score to a null distribution
with scores calculated from randomly selected genes. The null distribution
was generated from 10,000 scores and a p-value < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Initial decrease and subsequent recovery on algal growth rate, photosystem IT
efficiency, and carotenoid pigments

During the first week of diflufenican exposure, algal growth rate was
inhibited in a dose-response-dependent manner. The growth rate decreased
by 12 % compared to the controls for algae exposed to 10 ng/L of the her-
bicide, corresponding to the 10 % effect concentration, ECy, (Fig. 1a).
Growth of algae exposed to 310 ng/L was inhibited by up to 55 % compared
to the controls (Fig. 1a), suggesting that the spiked concentration of
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Fig. 1. Changes in R. subcapitata during the 12 weeks of the experiment in terms of
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quantum yield of photochemical energy conversion in PSII (c) when were
exposed to 0 ng/L (@) 10 ng/L (A), and 310 ng/L (M) of diflufenican.
Figure shows mean and standard deviation of the three replicates per treatment.

diflufenican (310 ng/L) was near to the ECs, of the compound after 3 days
of exposure. This initial decrease in growth was defined in our study as the
stress phase, during which more pronounced changes were observed in the
content of xanthophylls and carotenoids, with a decrease of down to a 22 %
in algae exposed to 10 ng/L and up to 88 % in algae exposed to 310 ng/L
compared to the controls (Fig. 1b). Effects on PSII photosynthetic activity
during the stress phase were less pronounced (up to 17 %) and were only
detected in algae exposed to 310 ng/L (Fig. 1c). After the stress phase
(week 1), a gradual recovery of the growth rate, pigment content, and pho-
tosynthetic efficiency was noted during a period of two weeks. The growth
rate, carotenoids and xanthophyll and photosynthetic activity of exposed
algae to diflufenican returned to initial conditions and remained stable
until the end of the experiment, showing little difference to the controls
(Fig. 1a and c). This phase (from week 4 to week 12) was defined in our
study as the acclimation phase.
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3.2. Characterization of the acclimation phase at the end of the experiment

3.2.1. Fatty acids, cell size, and tolerance induction

Total fatty acids content (Fig. 2a) and fatty acids profiles (Fig. 2.S, Sup-
plementary information) were similar across all treatments in the acclima-
tion phase (p-adj = 0.07, ANOVA post-hoc test). Furthermore, the
acclimated algae had a smaller cell size, and this effect followed a dose-
response manner. Algae acclimated to 10 or 310 ng/L of diflufenican
were 5 or 13 % smaller in size compared to the control algae, respectively
(Fig. 2b). Algae acclimated to 10 ng/L of diflufenican were also more toler-
ant to the herbicide with an ECs, (on growth rate) of 502 ng/L (Fig. 3a),
which was 1.3 times higher than the ECsq in the control populations
(ECso 72 h = 397 ng/L). Similarly, algae exposed to 310 ng/L of
diflufenican exhibited an even higher tolerance to this compound, resulting
in an ECsg of 965 ng/L, 2.4 times higher than the tested ECs for the control
populations (Fig. 3a). Acclimated algae were also exposed to copper to test
for possible co-tolerance mechanisms. Interestingly, short-term exposure to
copper revealed that algae acclimated to 10 or 310 ng/L of diflufenican did
not have a higher capacity to tolerate copper than control populations
(Fig. 3b). The reported ECso 72 h for the three treatments were
275.6 pg/L for the control populations, 346.4 pg/L in algae exposed to
10 ng/L and 284.74 pg/L in algal populations acclimated to 310 ng/L.

3.2.2. Change in transcription levels

Out of 11,581 genes analyzed for changes in transcription resulting
from high diflufenican exposure, 156 (1.3 %) were differentially expressed
in acclimated algae compared to the controls (using a strict cutoff of [log2
Fold Change (FC)| > 2 and adj p value < 0.05, Fig. 4). Of the 156 differen-
tially expressed genes (DEGs), 148 were up-regulated and 8 down-
regulated (Fig. 4). The up-regulated genes were mostly related functionally
to cellular structure (e.g., tubulins), DNA synthesis and repair
(e.g., ribonucleoside-diphosphate reductase and histones), global cell me-
tabolism (e.g., kinases), cell transport (e.g., kinesins), and cell and plastid
division (e.g., cyclins) (Fig. 4). In contrast, the down-regulated genes
were all annotated as hypothetical proteins; and therefore, no functional in-
sights could be ascertained (Table S.2).

Due to the mode of action of diflufenican, we also examined the expres-
sion levels of eight genes related to the carotenoid biosynthesis pathway.
Although these genes individually showed no significant differential ex-
pression between the different treatments, we analyzed the overall expres-
sion pattern of the group of eight genes via a permutation test, to search for
possible tendencies associated with the diflufenican exposure. This showed
a significant (p = 0.042) upregulation of genes downstream of Phytoene
desaturase (PDS), and a downregulation of genes upstream of PDS, fitting
into the classical negative/positive feedback pathway regulation (Fig. 5).

3.2.3. Gene enrichment analysis based on gene ontology terms

In order to explore the role of the DEG in terms of molecular function,
biological processes, and cellular component, a gene enrichment analysis
based on GO terms was performed. The results are shown as a heatmap
(Fig. 6) that illustrates the gene set consensus scores and the level of enrich-
ment of each gene set according to a color scale. In total, 52 gene sets were
differentially up-regulated, and 46 gene sets were down-regulated. Gene
sets related to the functions of the DEGs were observed, notably up-
regulation of the mitotic cell cycle, DNA repair and division, and cytoskel-
eton organization. Furthermore, up-regulation of gene sets related to pro-
tein folding, molecular chaperones, and heat shock proteins, hint the
remaining stress of acclimated cells due to the presence of diflufenican
(Fig. 6). Down-regulated gene sets were related to transcription and trans-
lation processes, including RNA polymerase complexes, cytoplasmic trans-
lation initiation complex, and ribosome biogenesis.

4. Discussion

In this study we investigated the changes in phenotype (i.e. physiologi-
cal traits) and transcriptomics (i.e. gene expression) in the green microalgal
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model species R. subcapitata during acclimation to the herbicide
diflufenican, a carotenoid biosynthesis inhibitor, when exposed for
12 weeks to two environmentally-relevant concentrations of 10 and
310 ng/L of diflufenican. In summary, an acclimation phase was achieved
after a stress phase (first four weeks of exposure). The monitoring of
growth, pigment composition and photosynthetic quantum yield through
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Fig. 3. Diflufenican (a) and copper chloride (CuCl,) (b) 72 h dose-response curves
for R. subcapitata unexposed (green circles), acclimated to 10 ng/L (violet
triangles), and to 310 ng/L of diflufenican (red squares) at the end of the
experiment. The effect is calculated as relative inhibition of cell growth on a scale
from 0 to 1 (0 to 100 % inhibition). Upper and lower ECs, values from 95 %
confidence intervals are plotted and presented in brackets, next to the ECsq
values. Tests for each long-term treatment were performed twice (weeks 9 and
week 10), and each test contained three replicates. Modelling of dose-response
curves and 50 % effect concentration (ECso) were estimated using the two-
parameter model Weibull in R v. 4.2.1. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the entire experiment revealed an initial stress phase followed by recovery
and later acclimation of R. subcapitata towards the herbicide. In our study,
acclimation was interpreted as the recovery and maintenance of growth
rate levels similar to those of the non-exposed populations. Algae accli-
mated to 10 and 310 ng/L of diflufenican after 12 weeks of continuous
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exposure were increasingly more tolerant to diflufenican (1.3 and 2.4
times, respectively) than non-exposed algae. However, algae acclimated
to 310 ng/L did not recover their initial cell size to their initial values.

The mode of action of diflufenican is well documented (Boger, 1996;
Dang et al., 2019; Feckler et al., 2018), and it has proven to be effective
in significantly lowering the synthesis of carotenoids (Miras-Moreno
etal., 2019). Therefore, the initial recovery (week 7) and subsequent main-
tenance of 80 % (weeks 9-12) of carotenoid content after three months of
continuous exposure to concentrations of diflufenican close to ECs, values
should be interpreted as an indication of the phenotypic plasticity of
R. subcapitata rather than as an inability to fully restore all values to the ini-
tial states. Along the same line, even though the individual expression of the
genes involved in the carotenoid biosynthesis pathway was not significant,
the overall tendency of the pathway showed an upregulation downstream
the target enzyme (PDS), and a downregulation upstream, fitting into the
classical negative/positive feedback pathway regulation, allowing an active
maintenance of carotenoid biosynthetic pathway in acclimated algae.

The acclimated algae were also assessed for fatty acids profile,
diflufenican removal rate, and cell size. Previous studies have found that
microalgae are able to bioaccumulate a wide range of chemicals

(Abdelfattah et al., 2022; Kim et al., 2019; Leong and Chang, 2020). Bioac-
cumulation has also been linked to changes in fatty acids, such as in one
study describing how algae exposed to high concentrations of atrazine
showed a decrease in their total fatty acid content and shift in fatty acid
composition (Kabra et al., 2014). Moreover, it has been described that var-
iations in total fatty acid content or the percentage of a given fatty acid class
may be indicative of a pesticide interfering with the normal metabolism of
an organism (Gongalves et al., 2021). However, our results indicated that
algal fatty acid composition and total content of fatty acids were unaffected
by the herbicide.

Genes related to bioaccumulation or biodegradation in microalgae such
as oxidative stress-related genes, oxidases or hydrolases (Bi et al., 2012;
Zhao et al.,, 2021) were not differentially expressed in our study
(Table S.2), leaving us to hypothesize that R. subcapitata is able to cope
with high concentrations of diflufenican without accumulating or using
the herbicide as a source of energy.

Acclimated algae to diflufenican were smaller in size. Because acclima-
tion processes and coping with an environmental stressor increase the de-
mand for resources (O,, CO,, and nutrients), microalgae can reduce their
cell size to surface area in order to enhance uptake of nutrients and reduce
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metabolic costs (Staehr and Birkeland, 2006). Changing environmental
conditions can result in a loss of equilibrium between energy flux provided
by photosynthesis and the synthesis of macromolecules, leading to changes
in nutrient acquisition, defense mechanisms, stress-induced repair activi-
ties, and/or cell cycle activity (Wagner et al., 2017; Wilhelm and Jakob,
2011). In our study, gene sets related to the cellular structure were found
to be upregulated, as were genes related to cellular division, DNA repair
and replication, and protein folding. This general response might be due
to differences in carbon allocation with the purpose of maintaining a stable
cellular growth. Previous studies have reported that the acclimation of dif-
ferent microalgal species to wastewater, high-dose phenols and
levofloxacin have induced an increase in microalgal growth (Cho et al.,
2016; Osudenko, 2014; Xiong et al., 2017).

The enzyme zeaxanthin epoxidase (ZEP) showed a tendency - even
though not significant by itself, but as pathway — of being up-regulated in
acclimated algae. It can be hypothesized that acclimated algae could be
experiencing a dysregulation of the cellular cycle due to the potential lack
of abscisic acid (ABA), one of the main phytohormones. Although the func-
tion of ABA in terrestrial plants has been characterized in detail (Rai et al.,
2011), its function in microalgae remains poorly understood. In eukaryotic
algae, ABA has been associated with the regulation of the cell cycle and
stress resistance (Hartung, 2010; Nagamune et al., 2008; Tuteja, 2007;
Yoshida et al., 2004). ABA activates the expression of the heme-scavenger
TSPO protein, which prevents the cell cycle G1/S progression (Kobayashi
etal., 2016). Interestingly, the first stage of the direct pathway of ABA bio-
synthesis is the synthesis of carotenoids. The first reaction assumed to be es-
sential for ABA synthesis is the conversion of zeaxanthin into trans-
violaxanthin via two-step de-epoxidation, catalyzed by ZEP (Kiseleva
etal., 2012). Therefore, it is possible that under a scenario of reduced carot-
enoid synthesis — stress phase, a consequent drop in ABA concentration
could accelerate the G1/S progression in the cell cycle, resulting in
-acclimation phase- an up-regulation of the genes related to the carotenoid
biosynthesis pathway, faster organelle and cell division, increased DNA rep-
lication and damage, and protein misfolding, together with a smaller cell
size.

5. Conclusions

This study demonstrates the significant phenotypic plasticity of
R. subcapitata to acclimate to environmental but toxic levels of diflufenican
and in turn the trade-off expenses of tolerance development via changes in
gene expression, and reduction of cell size. The transcriptome profiling
suggested a fitness cost to acclimation, by revealing a residual stress state
that implies a degree of protein damage and translational impairment, pro-
tein unfolding, and DNA repair and malfunctioning of the cell cycle. Ac-
cording to the observed effects, the environmental risk of herbicides in
freshwater ecosystems remains high, and further studies would be needed
to assess how acclimation would work in a situation of global change in
which multiple stressors (i.e., light, temperature, other pollutants) are co-
occurring or how acquired acclimation mechanism will react once the
stressor ceases.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.162604.
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