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A B S T R A C T

Metolachlor (MET) is an herbicide widely used and frequently found (at μg L−1) in aquatic systems. This work
aimed to study the modes of action of MET on the green microalga Pseudokirchneriella subcapitata. Algae exposed
to 115 or 235 μg L−1 MET, for 48 or 72 h, presented a reduction of metabolic activity, chlorophyll a and b
content and photosynthetic efficiency. The exposure to 115 or 235 μg L−1 MET also induced growth yield re-
duction, mean cell biovolume increase and alteration of the typical algae shape (cells lunate or helically twisted)
to “French croissant”-type; at these MET concentrations, algal population was mainly composed by multi-
nucleated cells (≥ 4 nuclei), which suggest that MET impairs the normal progression of the reproductive cycle
but did not hinder nuclear division. The accumulation of multinucleated cells seems to be the consequence of the
incapacity of the parent cell to release the autospores. In conclusion, MET disrupts the physiology of P. sub-
capitata cells; the disturbance of the progression of the reproductive cycle should be in the origin of growth
slowdown (or even its arrest), increase of mean cell biovolume and modification of algal shape. This work
contributed to elucidate, in a systematically and integrated way, the toxic mechanism of MET on the non-target
organism, the alga P. subcapitata.

1. Introduction

In the last decades of the 20th century, herbicides were widely ap-
plied in agriculture to combat undesirable vegetation and increase crop
production having as consequence their dissemination in the environ-
ment. Nowadays, there are undeniable evidences that these compounds
may pose serious risks to non-target organisms and unwanted side ef-
fects to the soil and aquatic environment (Jurado et al., 2011).

Metolachlor (MET) is a commonly used chloroacetamide herbicide
which is applied to control broadleaf and annual grass weeds in corn,
soybean, peanut and potato (Rivard, 2003). This herbicide is absorbed
through the plant roots and shoots and acts as a growth inhibitor of
weeds interfering with different enzymes and restraining the synthesis
of chlorophyll, proteins, lipids, isoprenoids and flavonoids (Singh and
Singh, 2016). The growth of weeds is blocked after the germination
through impairment of cell division (Deal and Hess, 1980). The me-
chanism of action of MET in plants involves the blockage of very long
chain fatty acids (VLCFA) formation (Deal and Hess, 1980), due to the

inhibition of the very-long-chain 3-oxoacyl-CoA synthase (encoded by
FAE1 gene), a starter enzyme required for the elongation of C16 and C18

to C20 fatty acids (Götz and Böger, 2004).
MET is drained from soil to aquatic systems, where it is highly so-

luble and presents a half-life of over 200 days (Kollman and Segawa,
1995) making it a persistent compound (Liu et al., 1995). It is regularly
detected in US (Battaglin et al., 2000; Rivard, 2003) and Europe waters
(Roubeix et al., 2012; Lopez et al., 2015; Székács et al., 2015) in con-
centrations from ng L−1 to several hundreds of μg L−1 (US-EPA, 2019;
Woodward et al., 2019) The frequent detection of MET in water sources
forced the United States Environmental Protection Agency (US-EPA) to
establish a lifetime health advisory level of 100 μg L-1 for drinking
water (US-EPA, 1995).

The contamination of aquatic ecosystems with herbicides is an
emerging concern issue as they can affect several levels of biological
organization, from molecular to ecosystem level (Pereira et al., 2009).
MET toxicity has been reported to aquatic organisms as cyanobacteria
(Chen et al., 2019), algae (Fairchild et al., 1998; Ebenezer and Ki, 2013;
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Thakkar et al., 2013; Deng et al., 2015), aquatic plants (Diepens et al.,
2017), crustaceans (Maazouzi et al., 2016; Velisek et al., 2019) and
fishes (Quintaneiro et al., 2017).

Algae are primary producers and the first level of aquatic food chain
providing initial nutrients and energy to all aquatic ecosystem; any
effect on algae will have impact on higher trophic levels (Campanella
et al., 2001). Previous studies showed that MET cause several adverse
effects in green algae, namely growth inhibition, photosynthesis dis-
turbance, cell size alterations, membrane permeabilization and oxida-
tive stress (Liu and Xiong, 2009; Liu et al., 2017; Spoljaric et al., 2011).
Therefore, it was described a decrease in chlorophylls (a and b) pro-
duction in the algae Chlorella pyrenoidosa (Liu and Xiong, 2009) and
Scenedesmus obliquus (Liu et al., 2017), after a 96h-exposure to MET.
Algal cells of Scenedesmus vacuolatus (Vallotton et al., 2008; Copin et al.,
2016) and Chlamydomonas reinhardtii (Korkaric et al., 2015) exposed to
900, 3200 and 450 μg L−1 of MET, respectively, presented an en-
largement of their size.

Pseudokirchneriella subcapitata is a microalga with an ubiquitous
distribution, being recommended for freshwater toxicity studies by
Organization for Economic Co-operation and Development (OECD)
(OECD, 2011) and the US-EPA (US-EPA, 2012a). Probably, due to the
fact that ecotoxicological assessment of chemicals, for regulatory pur-
poses, is based on algal growth inhibition, almost no information can be
found in the literature regarding the mode of action (MoA) of MET on P.
subcapitata.

The green alga phylum comprises a large and diverse group of or-
ganisms. Some studies with green alga genera revealed distinct sensi-
tivity of the organisms to MET. Thus, 72h-EC50 values of 81−1090 μg
L−1 for Chlorella (Liu and Xiong, 2009; Maronic et al., 2018),
44.3–115 μg L−1 for Pseudokirchneriella (Machado and Soares, 2019a;
Pérez et al., 2011; Sbrilli et al., 2005; Souissi et al., 2013) and 57,100 μg
L−1 for Scenedesmus were described (US-EPA, 2012b). This different
sensitivity of microalgae to MET can be the consequence of different
cell macromolecular composition (namely, lipids type and content and
cell wall composition), different intracellular targets of MET or differ-
ences in the activation of defence mechanisms. This means that the
information found in the literature for few green alga genera/species
cannot be generalized for the whole phylum. Taking into account the
ecotoxicological relevance of P. subcapitata, it is of particular im-
portance the knowledge of the physiological effects of MET on this
microalga. These information can be useful in the: i) search of new and
more sensitives endpoints for toxicity assessment of chemicals; ii) de-
velopment of theoretical models, mechanistically-based, for predicting
algal growth inhibition (EC50) after chemicals exposure; iii) synthesis of
new herbicides with lower environmental impacts.

The present study aimed to investigate the effects of MET on the
alga P. subcapitata. For this purpose, cells were exposed at en-
vironmentally relevant MET levels (μg L−1) for 72 h and the impact of
the herbicide was evaluated, at different exposure times, using the
following endpoints: growth, morphology (biovolume and cell shape),
reproductive-cycle progression, chlorophyll a and b concentration,
photosynthetic and metabolic activity. The possible mechanisms
through which MET exerts a toxic effect on a non-target organism, the
green alga P. subcapitata, will be discussed. As far as we know, this is
the first work which studies, in an integrated way, the toxicity of MET
on P. subcapitata.

2. Material and methods

2.1. Test organism and culture conditions

This study was carried out with the unicellular microalga
Pseudokirchneriella subcapitata (strain 278/4) from the Culture
Collection of Algae and Protozoa (CCAP, UK). P. subcapitata was
maintained in OECD medium (OECD, 2011) with 2 % (w/v) of agar and
stored in the dark, at 4 °C. P. subcapitata cultures, in exponential phase

of growth (2 days culture), were obtained by inoculating 100mL of
OECD medium (in 250mL Erlenmeyer flasks) with ∼5×104 cells
mL−1; cultures were incubated at 25 °C, on an orbital shaker at
100 rpm, under continuous light provided by “cool white” fluorescent
lamps (colour temperature of 4300 K), with an intensity of 4000 lux at
the surface of the flasks, as previously described (Machado and Soares,
2012).

2.2. Exposure of algal cells to MET

Algal cells (5× 104 cells mL−1), in exponential phase of growth,
were inoculated in 1 L Erlenmeyer flasks containing OECD medium and
MET in a final volume of 400mL. MET stock solution (11.8 mg L−1) was
prepared in water and stored in the dark, at 4 °C. Algae were incubated
with four MET concentrations: 40 μg L-1, for which no growth inhibition
occurs (72h-no observed effect concentration, NOEC), 45 μg L−1,
115 μg L−1 and 235 μg L-1, which correspond to 72h-EC10, 72h-EC50

and 72h-EC90 values. MET effect concentrations were previously de-
termined by the OECD 72-h growth inhibition test using 8 MET con-
centrations, in a geometric series, ranging from 16 to 400 μg L-1

(Machado and Soares, 2019a). As control, algal cells were inoculated in
OECD medium without herbicide. Control and MET assays were run for
72 h, in the same incubation conditions described to obtain the in-
oculum (Section 2.1).

After 24, 48 and 72 h of incubation, cells were withdrawn, cen-
trifuged (2500 x g, 5 min) and resuspended in OECD medium. Then, the
effects of MET on the alga P. subcapitata were assessed using different
endpoints.

For growth kinetic studies, five independent experiments were
performed and algal cell concentration was measured, in quintuplicate,
using an automatic cell counter (TC10, Bio-Rad).

2.3. Biovolume determination

Biovolume of algal cells were accessed as previously described
(Machado and Soares, 2014). Photos of non-treated (control) and MET-
treated algal cells were randomly acquired using a phase-contrast mi-
croscope, equipped with a N plan X100 objective coupled with a Leica
DC 300 F camera. Photos were processed using a Leica IM 50-Image
manager software. Three independent experiments were performed and
at least 300 cells were analysed, for each MET concentration, at each
time. Thus, for each MET concentration ≥ 900 cells were examined.
Biovolume was calculated assuming that algal cells of P. subcapitata
generally present the form of a sickle-shaped cylinder (Sun and Liu,
2003). Cell biovolume (V) is defined as:

V ≈ (π/6). a.b2

where a and b are cell apical section view (length) and transapical
section (width), respectively.

2.4. Reproductive-cycle progression analysis

The distribution of algal cells among the reproductive cycle was
monitored as previously described by Machado and Soares (2014). Cells
suspended in OECD medium at 3× 106 cells mL−1 were treated with 1-
pentanol (70 %, v/v) for 1 h, to permeabilize cell membrane. Then, cells
were incubated with 0.5 μmol L−1 SYTOX Green for 40min, in the dark,
at 25 °C and observed using an epifluorescence microscope, equipped
with an HBO-100 mercury lamp and filter set GFP from Leica. Images
were acquired and processed as described above. For each concentra-
tion, at least 100 cells were analysed in randomly selected microscope
fields. This experiment was independently repeated four times; a total
of ≥400 cells were analysed in control or each MET concentration, at
each time point.
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Fig. 1. Consequence of MET on cell proliferation and morphology of P. subcapitata. Algal cells were inoculated in OECD medium in the absence (control) or in
presence of different MET concentrations. A – Evolution of algal growth; B – Algal biovolume. A and B: the error bars represent the SD. C – Visualization of the impact
of MET concentration and exposure time on algal morphology; fluorescence plus phase contrast images of algal cells. Arrow 1: lunate cells; arrow 2: helically twisted
cells; arrow 3: flattened “French croissant”-type cells.
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2.5. Determination of chlorophyll content and photosynthetic activity

The determination of the content of chlorophyll a (Chl a) and b (Chl
b) was performed as previously described by Soto et al. (2011). Algae,
at 3×106 cells mL−1, were treated with 90 % (v/v) of acetone, in
triplicate, for 20 h, at 4 °C, in the dark. Then, cells were centrifuged
(2500 × g, 10min) and the absorbance of the supernatant was mea-
sured at 630, 647, 664 and 691 nm. Absorbance was corrected (for
turbidity) by subtracting the value of absorbance at 750 nm. Chl a and b
content was calculated as described by Ritchie (2008). Each of five
independent experiments were performed in triplicate. The results were
normalised considering algal biovolume and the impact of MET was
expressed as the ratio of chlorophyll in the assay/chlorophyll in the
control (cells not exposed to MET).

Photosynthetic activity was evaluated by pulse amplitude modula-
tion (PAM) fluorometry using a junior PAM fluorometer (Walz,
Effeltrich, Germany). Algae, at 3× 106 cells mL−1, were dark adapted
for 30min for maintain all photosystem II (PSII) reaction centres open;
the minimal fluorescence (F0) and the maximum fluorescence (Fm) yield
were measured (tenfold) and the maximum photochemical quantum
yield of PSII (Fv/Fm) was automatically calculated using the WinControl
software (version 3.2.2) (Maxwell and Johnson, 2000). Then, dark
adapted algal cells were illuminated by an actinic light (for closing all
PSII centres) at an intensity of 190 μmol m−2 s−1 and the minimum and
the maximum fluorescence in the light (F’0 and F’m, respectively) were
determined tenfold. These parameters were used to calculate the ef-
fective photochemical quantum yield of PSII (ΦPSII), the relative elec-
tron transport rate (ETR) and the non-photochemical quenching (NPQ)
(Maxwell and Johnson, 2000), using the WinControl software; the
equations for each parameter is described in Table S1 of the Supple-
mentary Material. This experiment was independently repeated three
times. The impact of MET on photosynthetic activity of the alga P.
subcapitata was expressed, for each parameter determined, as the ratio
between value in the assay and the value in the control.

2.6. Estimation of esterase activity

Esterase activity was evaluated using the fluorescein diacetate
(FDA) hydrolysis assay described by Machado and Soares (2013). After
exposure to MET, algal cells (5× 105 cells mL−1) were incubated, in
quintuplicate, with 20 μmol L−1 FDA (Sigma-Aldrich) in the dark, at
25 °C, for 40min. Positive (cells not exposed to MET) and negative
controls – without esterasic activity (heat treated cells at 65 °C, for 1 h)
were also used. This experiment was independently performed five
times.

The influence of MET in FDA hydrolysis or fluorescein fluorescence
was evaluated. For this purpose, abiotic controls (without cells) with
different concentrations of MET and FDA or fluorescein were also
performed as previously reported (Machado and Soares, 2019b).

The fluorescence intensity of samples and controls was measured, in
quintuplicate, in a Perkin-Elmer microplate reader (Victor3) at a
fluorescence excitation wavelength of 485/14 nm and an emission
wavelength of 535/25 nm. Fluorescence was corrected (subtracting
cell, culture medium and dye fluorescence) and normalised considering
the mean algal biovolume in each MET concentration or control. The
results were expressed as the ratio of fluorescence of the assay/fluor-
escence of the control (cells not exposed to MET).

2.7. Reproducibility of the results and statistical analysis

All experiments were repeated, independently, three to five times as
reported above. The data presented are the mean ± standard devia-
tion. In Figs. 2A, 3, 4 and 5, the statistical difference between control
and MET treated algal cells were tested using unpaired t test; P va-
lues< 0.05 were considered statistically significant.

3. Results

3.1. MET inhibits growth, increases cell size and modifies the shape of P.
subcapitata

The MoA of MET in susceptible plants (its target) is by interfering
with normal cell development, through the inhibition of cell division
and elongation (Rose et al., 2016). The presence of this herbicide in
aquatic environments makes it extremely important to consider the
evaluation of their impact on non-target organisms, such as algal cells.

Thus, this study started with the assessment of the impact of en-
vironmentally relevant MET concentrations (40–235 μg L−1) on algal
growth, over time (growth kinetics) (Fig. 1A). Algal cells exposed to 40
and 45 μg L−1 MET maintained a growth pattern similar to the control.
A slowdown (115 μg L−1) or even an algal growth arrest (235 μg L−1)
was observed after the exposure for 24 h to the herbicide (Fig. 1A).

An assessment of the impact of MET on P. subcapitata morphology
[cell size (biovolume) and shape] was carried out by microscopy image
analysis. At MET concentrations ≤ 45 μg L−1 no appreciable mod-
ification in cell size was observed, over time (Fig. 1B). Algal cells ex-
posed to MET concentrations of 115 μg L−1 or 235 μg L−1 displayed an
increased mean cell volume. This effect was accentuated with the in-
crease of MET concentration and exposure time to the herbicide
(Fig. 1B and C). Cells exposed to 235 μg L−1 MET presented a mean
biovolume of 79, 160, 200 μm3 after 24, 48 and 72 h, respectively. In all
cases, a large dispersion of the biovolume was observed (represented by
big standard deviations - error bars), reflecting the heterogeneity of the
algal populations.

In control (in the absence of the toxicant) it was possible to observe
the typical P. subcapitata shape, throughout the growth: cells lunate
(Fig. 1C, arrow 1) or helically twisted (Fig. 1C, arrow 2) with pointed to
round ends. Algal cells exposed to 115 μg L−1 or 235 μg L−1 MET
presented a flattened “French croissant” shape (Fig. 1C, arrow 3). In
algae exposed to 115 μg L−1 MET, it was possible to observe both
shapes (lunate and “croissant”-type); in cells exposed to 235 μg L-1 MET,
the “French croissant” is the predominant shape (Fig. 1C). The drift from
lunate to “croissant”-type shape accentuated with the increase of her-
bicide concentration.

3.2. MET affects algae reproductive cycle by impairing the release of
autospores

P. subcapitata is a unicellular alga that reproduces asexually by
autospores (structures produced within the parent cell and presenting
the same shape as the parent), being possible to differentiate 4 stages in
their reproductive cycle: 1) cells with one nucleus and typical shape
(stage 1); 2) increase of the cells size (stage 2); 3) first nuclear division;
after division, cells with two nuclei can be observed (stage 3) and 4)
second nuclear division (where cells present 4 nuclei, stage 4), followed
by the release of the four autospores (Van den Hoek et al., 1997;
Machado and Soares, 2014).

P. subcapitata algal cells, not exposed to MET (control), were mainly
(57–66 %) in stage 1, with one nucleus, during the 72-h growth
(Fig. 2A, C); a similar distribution of cells in the different stages was
observed for algae exposed to 45 μg L−1 MET (data not shown). Cells
treated with 115 or 235 μg L−1 MET, for 24−48 h, were mostly (47–54
%) in stage 4, with 4 nuclei (Fig. 2A). Interestingly, algae cultures ex-
posed to ≥ 115 μg L−1 MET presented cells with more than 4 nuclei
(Fig. 2C, arrow), which was not observed in control (not exposed to
MET) or in cultures exposed to 45 μg L−1 MET. The percentage of cells
with> 4 nuclei increased with herbicide concentration and exposure
time (Fig. 2B). Thus, algal cell population incubated with 115 or 235 μg
L−1 MET, for 72 h, presented ∼30 and 70 % of cells with more than 4
nuclei, respectively (Fig. 2B); under these conditions, the cell popula-
tions are mainly composed (58 or 94 %, respectively) by multinucleated
cells (i.e., with≥ 4 nuclei) (Fig. S1). These results suggest that MET did
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not impair nuclear division of algal cells. The progression in the normal
reproductive cycle was stopped, most likely, due to the incapacity of the
parent cell release the autospores. In fact, cells with an abnormal
number of nuclei (> 4) could be observed when algal culture was
treated with ≥ 115 μg L−1 of herbicide (Fig. 2B and C).

Taken together, the results presented suggest that algae exposed to
MET concentrations≥ 115 μg L−1 exhibit the arrest of the reproductive
cycle, which may originate the increase of mean cell biovolume (Fig. 1B
and C).

3.3. MET reduces photosynthetic pigments concentration and
photosynthetic efficiency

The herbicide MET was designed to control the growth of undesir-
able plants. Algae present many similarities with plants, namely the
photosynthetic capacity. The effect of MET on algal photosynthetic
activity was assessed by the quantification of Chl a and b pigments and
by the evaluation of the functionality of PSII through the PAM fluor-
escence assay.

Fig. 2. Impact of MET on P. subcapitata reproductive cycle progression. Algal cells were incubated in the absence (control) or presence of MET as described in Fig. 1.
A – Distribution of algae by the different stages of reproductive cycle, at different growth times; asterisk denotes significant differences with respect to control (for a
given incubation time) according unpaired t test (P < 0.05). B – Multinucleated algal cells (> 4 nuclei) (%). A and B values: the error bars represent the SD. C-
Fluorescence plus phase contrast images of algal cells treated with MET; arrow: multinucleated cell (8 nuclei).
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The cellular content of Chl a in algae exposed, up to 72 h, to MET
concentrations ≤ 45 μg L−1 was not modified (Fig. 3A). However, algal
cells exposed for 48−72 h to herbicide concentrations of 115 or 235 μg
L-1 showed a significant reduction of Chl a level (Fig. 3A). A similar
pattern was observed when the Chl b pigment was evaluated (Fig. 3B).

The assessment of algae photosynthetic performance revealed a
significant reduction of Fv/Fm of the cells exposed to 115 or 235 μg L−1

MET for 48–72 h (Fig. 4A); this quotient indicates the maximum light
utilization efficiency of the PSII and is a sensitive indicator of the
photosynthesis performance (Maxwell and Johnson, 2000). The re-
duction of Fv/Fm, was accentuated with the increaseof MET con-
centration and exposure time (Fig. 4A). Algal cells non-exposed to a
toxicant (control) exhibited a Fv/Fm value of 0.63 ± 0.04, which is
within the values (0.62–0.64) usually founded in algae (Van der Grinten
et al., 2010). The determination of ɸPSII, which measures the fraction of
absorbed quantum by chlorophyll in PSII that is used in photochemistry
(Maxwell and Johnson, 2000), revealed a similar reduction pattern
(Fig. 4B); these results indicated that algal cells exposed for 48−72 h to
115 or 235 μg L−1 MET presented a decreased light utilization effi-
ciency. In addition, it was also observed a reduction of ETR in algal cells
exposed for 48–72 h to 115 or 235 μg L-1 MET (Fig. 4C). ETR constituted
an estimation of the electrons flow rate through the photosynthetic
chain (Consalvey et al., 2005). The reduction of ETR in algal cells

exposed to 235 μg L-1 MET enhanced with the increase of the exposure
time to the herbicide (Fig. 4C). Compatible with the loss of photo-
synthetic efficiency detected, a significant increase of NPQ was ob-
served, when algal cells were exposed for 72 h to 115 or 235 μg L−1

MET (Fig. 4D). NPQ has been seen as a compensatory mechanism of
cells to divert some of the energy (through heat or other methods) not
converted into chemical energy due to photosynthesis inhibition
(Consalvey et al., 2005). Thus, the results here obtained suggest that
NPQ processes were activated in cells exposed to the herbicide, in order
to dissipate the excess of light energy.

3.4. MET disturbs algae metabolic activity

It is known that MET interferes with diverse enzymes to inhibit
plant growth (Rose et al., 2016). The esterasic (metabolic) activity of
the algal cells exposed to MET was studied through the quantification of
the hydrolysis of FDA; the green fluorescence signal presented by algae
loaded with FDA can be correlated with their esterasic activity (meta-
bolic activity) (Machado and Soares, 2013).

The exposure of algal cells to MET, for 24 h, induced an increase of
the mean value of the green signal emitted by algal cells, indicating a
stimulation of the esterasic activity (Fig. 5). Even for algal cells in-
cubated at the lowest MET concentration (40 μg L−1), where no change
of growth was observed, the esterasic activity increased 48 % after 24 h,
when compared to control. The esterasic activity was reduced to levels
similar to the control, after the incubation of algal cells for 48 h with
40–45 μg L−1 MET (Fig. 5). Algal cells exposed to ≥ 115 μg L−1MET,
for 48−72 h, exhibited a significant reduction of the metabolic activity
(Fig. 5).

To exclude a possible influence of MET on FDA-assay, abiotic con-
trols, without algal cells, were carried out. It was observed that MET did
not interfere with FDA hydrolysis (Fig. S2A) or with fluorescein fluor-
escence (Fig. S2B).

4. Discussion

MET, a world widely applied herbicide, presents high solubility in
water being easily leaked from soil to water bodies where it persists. Its
frequent detection in the aquatic environment, mobility and persistence
contributed to MET be considered a compound of emerging concern
(Fairbairn et al., 2016). The presence of MET concentrations higher
than 100 μg L−1 in aquatic systems is intermittent, in pulses, as result of
herbicide application and of its leaching from soil to runoff water
(Boxall et al., 2013). Thus, non-target organisms in water bodies, close
to MET agricultural applications, are exposed to fluctuating con-
centrations of MET. The effect of pulse exposure of MET on the alga S.
vacuolatus was previously described (Copin et al., 2016; Vallotton et al.,
2008).

In the present work it was observed that for 45 μg L−1 MET, the
herbicide reduces algal growth yield without modification of cell bio-
volume (Fig. 1B), Chl a or Chl b pigments (Fig. 3) or photosynthetic
activity (Fig. 4). Cells exposed to 40−45 μg L−1 of MET presented
metabolic (esterasic) activity transiently disturbed (Fig. 5).

The exposure of P. subcapitata to 115 or 235 μg L−1 MET had as
consequence a reduction of algal growth yield to 50 or 90 %, an in-
crease of mean biovolume and a modification of algal morphology
(Fig. 1). The last effects were particularly evident for 235 μg L-1 MET
where the growth was arrested (after an exposure to the herbicide for
24 h), the mean algal volume raised 8 times (after 72 h) (Fig. 1B), and
the typical algae shape (cells lunate or helically twisted) changed to
French croissant”-type (Fig. 1C). An increase of biovolume was also
described for algae S. vacuolatus (Vallotton et al., 2008; Copin et al.,
2016) and C. reinhardtii (Korkaric et al., 2015) when exposed to MET
concentration higher than those used in the present study (> 450 μg L-
1).

The increase of biovolume and modification of cell shape in algae

Fig. 3. Influence of MET on photosynthetic pigments of P. subcapitata. A –
Chlorophyll a (Chl a) content. B – Chlorophyll b (Chl b) content. The provided
values are relative to the average of the control (algal cells not treated with
MET). The error bars represent the SD. Asterisk denotes significant differences
(for a given incubation time) with respect to control according unpaired t test
(P < 0.05).
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exposed to ≥ 115 μg L−1 MET was accompanied by an accumulation of
multinucleated cells (≥ 4 nuclei) (Fig. S1). These results suggested that
MET did not impair nuclear division. The accumulation of multi-
nucleated cells seems to be the consequence of the incapacity of the
parent cell to release the autospores when MET, at ≥ 115 μg L−1, is
present. This effect can be due to a modification of the rigidity of the

parental cell wall or to the inhibition of the enzymes associated with the
rupture of the wall and release of the autospores in algae treated with
MET. This possibility is compatible with the fact that nuclear division
and release of autospores are temporally separated during cell re-
productive cycle (Pickett-Heaps, 1970). On the other hand, the dis-
turbance of the normal reproductive cycle progression may be in the
origin of growth slowdown and growth arrest observed in algal cells
exposed to ≥ 115 μg L-1 MET. The disturbance of cell growth through
the impairment of autospores release was also observed in algae S.
vacuolatus (Vallotton et al., 2008) and S. acutus (Weisshaar and Böger,
1987) using a different approach: when the algae (previously exposed
to MET) were re-inoculated in culture medium without MET they were
able to recover the growth.

Chlorophyll is an ubiquitous pigment being very important in
photosynthetic organisms, like algae. Chlorophyll biosynthesis involves
two different biochemical pathways: the tetrapyrrole (produces the
chlorin ring) and the methylerythritol phosphate (responsible for the
isoprenoid phytol tail of chlorophyll) pathways (Kim et al., 2013). The
exposure of algal cells to 115 or 235 μg L−1 MET, for 48 h or 72 h,
induced a reduction of chlorophylls compared to control (Fig. 3). The
reduction of chlorophyll content in algae exposed to MET can be a
consequence of pigment synthesis inhibition or degradation. A decrease
in Chl a and Chl b concentration was also observed in the microalgae C.
pyrenoidosa (Liu and Xiong, 2009), Parachlorella kessleri (Maronic et al.,
2018) and S. obliquus (Liu et al., 2017) when exposed to MET.

In the present work, it was also observed that cells exposed to 115 or
235 μg L−1 MET, for 48 h or 72 h, presented a reduction of the photo-
synthetic efficiency traduced by a decrease of FV/FM (Fig. 4A), which
indicates a reduction of the maximum capacity of algae to convert light
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Fig. 4. Effect of MET on photosynthetic activity of P. subcapitata. A – Maximum photochemical quantum yield of PSII (Fv/Fm). B - Effective photochemical quantum
yield of PSII (ΦPSII). C – Relative electron transport rate (ETR); D -Non-photochemical quenching (NPQ). The error bars represent the SD. Statistical differences with
control were subject to unpaired t test; the results with asterisks are significantly different (for a give incubation time) from the control (P < 0.05).

Fig. 5. Repercussion of MET on metabolic activity of P. subcapitata. Algal me-
tabolic activity was estimated through the hydrolysis of fluorescein diacetate.
The error bars represent the SD. Asterisk denotes significant differences with
respect to control (for a given incubation time) according unpaired t test
(P < 0.05).
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into chemical energy. It is widely accepted that Fv/Fm ratio can be used
as valuable parameter to evaluate the extent of photosynthesis photo
inhibition (Maxwell and Johnson, 2000). When incubated for 72 h with
these MET concentrations, algal cells also presented a reduction of ΦPSII

(Fig. 4B), which show a decrease of the efficiency of the PSII photo-
chemistry (Maxwell and Johnson, 2000). Together, these results point
to a reduction of the photosynthetic efficiency in algal cells exposed to
MET. This disturbance of photosynthesis seems to be associated to a
disorder of the electron transport in the photosynthetic chain, as re-
vealed by the reduction of ETR parameter (Fig. 4C). MET, as a chlor-
oacetamide herbicide, inhibits the elongation of fatty-acid species and
the synthesis of isoprenoids (Fuerst, 1987; Böger, 2003). It was sug-
gested that this herbicide can affect the photsynthetic activity on algal
cells by a secondary (indirect) mechanism, i.e., affecting the structural
state of photosynthetic membrane through the impairment of protein
and lipid synthesis (Juneau et al., 2001). In parallel with the reduction
of photosynthetic efficiency, it was observed a significant increase of
NPQ in algae exposed for 72 h to 115 or 235 μg L−1 MET (Fig. 4D),
which can be seen as a compensatory way of the cells to dissipate the
energy not channelled to photochemical pathway, in an attempt process
to preserve the cell photosynthetic apparatus (Consalvey et al., 2005).
The results presented here are in agreement with the literature, which
describe that the exposure to MET induce a reduction of chloroplasts
size in S. obliquus (Liu et al., 2017) and the photosynthesis inhibition
(reduction of ΦPSII) in C. reinhardtii (Korkaric et al., 2015).

Esterases are common enzymes in viable cells directly associated
with cellular growth and respond to changes in metabolic activity. The
exposure of P. subcapitata for 48 or 72 h to MET concentrations of
115−235 μg L−1 led also to a reduction of esterase activity (Fig. 5),
which suggests a more global disturbance of the enzymatic activity.

In conclusion, the present work studied, for the first time, the im-
pact of MET, over time (up to 72 h), at environmental significant levels,
on relevant cell targets of the alga P. subcapitata. Algae exposed to 45 μg
L−1MET, for 72 h, displayed a reduction of growth yield and a transient
disturbance of metabolic activity. At concentrations of 115 or 235 μg L-
1, MET induced a reduction of growth yield, metabolic activity, con-
centration of photosynthetic pigments and photosynthetic efficiency of
algal cells. The last disorder seems to be associated with the perturba-
tion of the electron transport in the photosynthetic chain. MET also
induced the increase of biovolume and the modification of the alga cell
shape. In addition, algal population treated with ≥ 115 μg L-1 MET was
composed, mainly, by cells with 4–8 nuclei, which indicate an hin-
derance of the normal progression of the reproductive cycle, without
impairment of nuclear division. The incapacity of the parent cells to
release the autospores can explain the slowdown (or even the arrest) of
growth, the increase of biovolume and the modification of cell shape in
algae treated with higher MET concentrations. The present work con-
tributes to the understanding and elucidation of the MoA of MET in the
freshwater alga P. subcapitata, a non-target organism. The information
here obtained can be useful in the risk assessment of chemicals in the
environment through the search of more sensitive endpoints or in the
development of theoretical models for predicting algal growth inhibi-
tion.
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