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Abstract

This work aimed to evaluate the combined effects of an antibiotic (erythromycin, ERY)
and an herbicide (metolachlor, MET), at environmentally relevant concentrations, on the
physiology of the freshwater microalga Raphidocelis subcapitata. For this purpose, firstly, the
alga was exposed to each toxic compound to determine the respective effect concentrations
after 72 h (72h-EC values). Subsequently, the alga was exposed to mixtures composed of
72h-EC10, 72h-EC25, and 72h-EC50 values of each toxicant, and interaction analysis was
conducted using the independent action (IA) model. Overall, the mixtures of ERY and MET
inhibited algal growth synergistically. Regarding photosynthetic performance, exposure to
the mixtures of toxicants, generally resulted in a reduction of the maximum photochemical
efficiency of photosystem II (PSII) (Fv/Fm), the effective photochemical yield of PSII (ΦPSII),
and the electron transport rate (ETR). However, MET antagonizes the negative effects of
ERY on photosynthesis, particularly at lower concentrations of the antibiotic (72h-EC10

and 72h-EC25). The exposure to ERY–MET mixtures resulted in an overall increase in
photosynthetic pigments (chlorophyll a and carotenoids), likely reflecting a compensatory
response by the alga to counterbalance impaired photosynthetic function. Nonetheless,
overall pigment analysis indicated an antagonistic interaction between the two toxicants,
as the magnitude of this increase was lower than predicted by the IA model. The results
presented here provide new insights into the toxicological interactions between ERY and
MET in microalgae and contribute to addressing the critical knowledge gap regarding the
ecotoxicity of pharmaceutical–herbicide mixtures in aquatic environments.

Keywords: erythromycin–metolachlor; algae physiology; growth inhibition; photosynthetic
activity; pigments; mixture interactions

1. Introduction
Herbicides are widely used in agriculture to manage weed growth and increase crop

yields. On the other hand, antibiotics are essential in human and veterinary medicine for
the prevention and treatment of diseases. However, the extensive use of these two classes
of organic compounds has led to their release and dispersion in the environment. This is
the case for the antibiotic erythromycin (ERY) and the herbicide metolachlor (MET), which
have been frequently detected in aquatic systems, particularly in areas characterized by
intensive agricultural and livestock activities [1,2].
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ERY is a broad-spectrum macrolide antibiotic that acts by binding to the 50S ribosomal
subunit of bacteria and inhibiting protein synthesis [3]. It has been frequently detected in
aquatic systems in concentrations that can reach 75.5 µg/L [4].

MET is applied worldwide to crops such as corn, soybeans, potatoes, sugar beets, sun-
flowers, and tomatoes [5]. It is a selective and systemic herbicide from the chloroacetamide
class, acting by inhibiting the synthesis of long-chain fatty acids [6]. MET’s action in plants
leads to the eradication of the synthesis of chlorophyll, proteins, fatty acids, isoprenoids,
and flavonoids, resulting in the impairment of cell division and plant elongation [7,8]. This
herbicide has been frequently detected in surface and groundwater with concentrations
exceeding 400 µg/L [9].

Ecotoxicological studies have demonstrated that herbicides and antibiotics can be
toxic to aquatic non-target organisms even at environmental concentrations [10,11]. Among
aquatic organisms, primary producers are the first ones to be exposed to contaminants. In
addition, they constitute the base of the food chain, contributing to oxygen production,
nutrient cycling, and carbon assimilation [12]. In this context, microalgae are widely used in
ecotoxicity testing as they are sensitive to a large spectrum of contaminants, easy to culture
and maintain in the laboratory, and representative of primary producers [13]. Within
freshwater microalgae, Raphidocelis subcapitata is a well-established model organism, being
a highly relevant bioindicator of pollutant effects [14]. For these reasons, it was the selected
microorganism for the present study.

Toxicity tests of ERY and MET, separately, showed that both pollutants can exert severe
effects on aquatic producer organisms. ERY inhibited growth [15–17] photosynthesis [18],
and perturbed the defence mechanisms [19] of microalgae. This antibiotic also altered
photosynthesis and induced oxidative stress in cyanobacteria [20,21]. MET has been
described as a growth inhibitor in algae [22–25] and cyanobacteria [26] and as an oxidative
stress promoter in algae [27].

Conventional ecotoxicological tests are typically conducted with single substances,
neglecting the fact that aquatic ecosystems contain complex mixtures of chemicals. Thus,
in nature, aquatic organisms are rarely, if ever, exposed, to the compounds individually,
but rather to their mixtures. Moreover, the toxicity of a mixture cannot be inferred from
individual chemical toxicity tests, as chemical interactions may result in additive, syner-
gistic (higher than additive), or antagonistic (less than additive) effects [28–30]. Therefore,
investigating the effects of toxicants as mixtures remains a major challenge, and progress
in this area has been limited. This highlights the urgent need to advance with mixture
risk assessment, particularly for widespread pollutants, such as ERY and MET, which may
co-occur in aquatic systems. To our best knowledge, no studies have assessed the com-
bined effects of ERY and MET on non-target organisms. Addressing this knowledge gap is
essential, as risk assessments based solely on individual pollutants may underestimate the
real impact of chemical mixtures on aquatic communities.

The present study aimed to assess, for the first time, the toxicity of binary mixtures of
ERY and MET on a non-target organism, the freshwater microalga R. subcapitata. Beyond
determining whether the interactions between these two contaminants result in synergistic
or antagonistic outcomes, this work specifically addresses the critical lack of information
on how antibiotic–herbicide mixtures affect key physiological processes in microalgae. To
this end, the impact of ERY and MET mixtures on algal growth, photosynthetic activity,
and photosynthetic pigment concentration was evaluated, enabling the identification of
interaction-driven responses that cannot be inferred from single compound exposures. By
quantifying mixture-specific impacts (such as synergistic growth inhibition, MET-mediated
modulation of ERY-induced photosynthetic impairment, and antagonistic effects on pig-
ment accumulation), this work provides mechanistic insights that can be used in ecological
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risk assessments associated with co-occurring pharmaceuticals and herbicides in aquatic
environments.

2. Materials and Methods
2.1. Alga, Culture Medium, and Cultural Conditions

The freshwater microalga Raphidocelis subcapitata (strain 278/4) was obtained from
Culture Collection of Algae and Protozoa (CCAP, UK). The alga was maintained on OECD
medium [31] containing 2% (w/v) agar, at 4 ◦C.

Pre-cultures were prepared by inoculating 40 mL of OECD medium (into a 100 mL
Erlenmeyer flask) with a loop of cells taken from the solid culture stored at 4 ◦C. All
reagents comprising the culture medium were of analytical grade (PA) and were prepared
in accordance with OECD guidelines [31]. Algal cells were incubated on an orbital shaker,
at 100 rpm, 25 ◦C, for 3 days, under continuous light (8000 lux, LED lamps with a colour
temperature of 4000–4200 K).

Cultures were prepared by transferring an adjusted volume of the pre-culture (up
to 10 mL) to 400 mL of OECD medium in a 1 L Erlenmeyer flask, in order to obtain an
initial cell concentration of 5 × 104 cells/mL. Algae were incubated for 2–3 days under the
cultural conditions described above.

2.2. Chemicals and Preparation of the Respective Solutions

The antibiotic ERY (Ref. E5389; CAS 114-07-8) and the herbicide MET (97.6%) (PES-
TANAL, analytical standard, Ref. 36163; CAS 51218-45-2) used in this study were provided
by Sigma-Aldrich (Saint Louis, MO, USA). Stock solutions of ERY (12.6 g/L) and MET
(15.2 mg/L) were prepared in dimethyl sulfoxide (DMSO; CAS 67-68-5, Sigma-Aldrich,
Saint Louis, MO, USA) and deionized water, respectively. A 10 mg/L intermediate stock
solution of ERY was prepared in water by dilution of ERY stock solution. Toxicity assays
with ERY had a DMSO concentration <0.003%. At this DMSO concentration, the growth of
R. subcapitata is not affected, as previously described by Machado and Soares [25].

MET is considered highly stable in aquatic systems, with hydrolysis half-lives generally
above 100 days across broad pH ranges and minimal photodegradation, with reported
estimates often exceeding 200 days [2,32]; modelling studies describe median half-lives
of 100–300 days [33]. ERY shows half-lives varying from a few days to roughly six weeks,
depending on light, pH, salinity, and matrix composition [34,35].

2.3. Toxicity of Individual Compounds

For single toxicity assays, the alga (1 × 105 cells/mL) was exposed to eight nominal
concentrations of ERY (from 2.2 to 460 µg/L) or MET (from 16 to 400 µg/L) arranged in a
geometrical series, for each toxicant. EC values were determined from two independent
experiments, each performed with two replicates (n = 4). As a control, algal cells were also
grown in the absence of toxicants. After 72 h of incubation under the conditions described
above (Section 2.1), the concentration of algae in the cultures was determined using an
automated cell counter (TC10™, Bio-Rad, Hercules, CA, USA).

Toxicity was expressed as EC10, EC25, EC50, EC75, and EC90, corresponding to the
concentrations of each compound that cause 10, 25, 50, 75, and 90% inhibition of algal
growth, respectively, when compared with the control. The 72h-EC values for ERY and
MET were calculated by linear interpolation using the software TOXCALC version 5.0.32
(Tidepool Scientific Software, McKinleyville, CA, USA).
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2.4. Toxicity of Binary Mixtures of ERY and MET

For the mixture assays, nine combinations of the two toxicants were established based
on the individual 72h-EC10, 72h-EC25, and 72h-EC50 values. These EC values for each
substance were selected to construct mixtures spanning low to moderate biological stress.
This selection follows established mixture-toxicity methodology, where EC values act as
biologically relevant reference points for comparing compounds and assessing interactions
across effect levels [36].

Mixtures were prepared in 250 mL Erlenmeyer flasks by adding OECD medium and
the appropriate concentration of each toxicant according to the experimental design. Flasks
were subsequently inoculated with the alga (1 × 105 cells/mL), adjusted to a final volume of
100 mL, and incubated for 72 h under the conditions described above (Section 2.1). Control
assays consisted of algal cultures without toxicants, as well as algae exposed individually to
72h-EC10, 72h-EC25, and 72h-EC50 concentrations of ERY and MET. Mixtures and controls
were prepared in triplicate (n = 3).

After a 72 h incubation period, the effects on microalgal growth, photosynthetic
performance and pigment content were assessed. Algal concentration was quantified as
described in Section 2.3; photosynthetic performance and pigments content were evaluated
as detailed in Sections 2.5 and 2.6, respectively.

2.5. Evaluation of Photosynthetic Performance

Algal photosynthetic performance was measured by Pulse Amplitude Modulated
(PAM) fluorometry (Junior PAM, Walz, Germany). To this end, the algal suspensions
(3 × 106 cells/mL) were dark-adapted for 30 min before measurement. Minimum (F0) and
maximum (Fm) fluorescence yields were recorded to calculate the maximum photochemical
quantum yield of photosystem II (Fv/Fm), also known as photosystem II (PSII) activity [37].
To evaluate light energy utilization, continuous actinic light (190 µmol photons m−2 s−1)
was applied with saturating pulses every 20 s for 5 min. During this period, minimum and
maximum fluorescence under light (F′

0 and F′
m) were measured. The Fv/Fm, the effective

photochemical yield of PSII (ΦPSII), and electron transport rate through PSII (ETR) were
calculated according to the standard equations and mathematical formulations [38–40],
using WinControl software (v3.2.2). In each biological sample, PAM measurements were
performed on ten technical replicates.

2.6. Quantification of Pigments Content

For the quantification of photosynthetic pigments, 5.0 mL of algal suspension
(3 × 106 cells/mL) was harvested by centrifugation at 2500× g for 10 min. The super-
natant was discarded, and the resulting cell pellet was resuspended in 5.0 mL of 90% (v/v)
acetone (VWR Chemicals, Rosny-sous-Bois, France) for pigment extraction. Samples were
placed at 4 ◦C, in the dark, for 20 h, to ensure complete extraction of pigments. Subsequently,
samples were centrifuged at 2500× g for 10 min, and the clarified supernatant was collected
for analysis. The absorbance of the supernatant was measured at 630, 647, 664, and 750 nm
to determine chlorophyll a (Chl a) concentration according to the equations described by
APHA [41]. Carotenoids (CAR) content was quantified based on absorbance at 480 nm,
following the equation described by Strickland and Parsons [42]. In each biological sample,
pigment determinations were performed on two technical replicates.

2.7. Assessment of Mixture Interactions

The observed effect resulting from the joint toxicity of chemical mixtures may be
larger (synergism) or smaller (antagonism) than predicted by specific models, such as
concentration addition (CA) or independent action (IA). The IA model has been applied to
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describe mixtures composed of compounds with dissimilar modes of action, affecting the
organism at different target sites or biological pathways [36].

Based on the IA model, Gottardi et al. [43] proposed equations to calculate the pre-
dicted and observed effects, as well as the extent of synergism among compounds in a
mixture. Thus, the interaction between ERY and MET was assessed using the mathe-
matical framework proposed by Gottardi et al. [43], considering growth, photosynthetic
performance, and pigment content as endpoints.

The predicted effect of the mixtures in microalgae can be calculated using the equation:

Predicted effect =
Toxic 1 effect

Control
× Toxic 2 effect

Control
(1)

where Toxic 1 effect and Toxic 2 effect correspond to the values obtained for the biological
parameter in microalga R. subcapitata individually exposed to toxicants 1 and 2, respectively.
Control represents the value of the same biological parameter in the microalga that was not
exposed to the toxicants.

On the other hand, the observed effect of the mixture on the microalga can be calculated
using the equation:

Observed effect =
Mixture effect

Control
(2)

where mixture effect represents the value of the biological parameter in microalga exposed
to the mixture.

To determine the extent of synergism or antagonism, the synergy ratio (SR) is calcu-
lated using the following equation:

Synergy ratio =
Predicted effect
Observed effect

(3)

A SR greater than 1 indicates synergism, whereas a value below 1 indicates
antagonism.

2.8. Reproducibility of the Results and Data Analysis

In the determination of ECs values of the individual toxicants, results are presented
as the mean ± standard deviation (SD) of two independent experiments performed in
duplicate (n = 4). For the toxicity assessment of the compound mixtures, data are presented
as mean ± SD of an experiment performed in triplicate (n = 3).

For each ERY–MET mixture and each evaluated parameter, one-way ANOVA was
performed comparing the control, the corresponding individual ERY concentration, the
corresponding individual MET concentration, and the respective ERY–MET mixture. Dif-
ferences between experimental groups were considered statistically significant at p < 0.05.
When significant differences were detected by ANOVA, Tukey–Kramer post hoc tests were
used for pairwise comparisons. The corresponding F-values and p-values from the one-way
ANOVA analyses are presented in Table S1 (Supplementary Material).

3. Results
3.1. Individual and Combined Effects of ERY and MET on the Microalga Growth

As a first approach, the toxicity of ERY and MET toward R. subcapitata was assessed
through dose–response curves (Figure S1, Supplementary Material). Cell growth inhibi-
tion was used as the endpoint to determine the respective 72h-EC values. It was found
that ERY and MET exhibited 72h-EC50 values of 35 and 44 µg/L, respectively (Table S2,
Supplementary Material).
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To characterize ERY and MET interactions, at environmentally relevant concentrations,
the microalga R. subcapitata was exposed to nine mixtures derived from combinations of
the EC10, EC25, and EC50 values of each toxicant. For comparative purposes, the individual
effect of each antibiotic and herbicide concentration was also assessed. Table S3 (Supple-
mentary Material), summarizes several examples of ERY and MET concentrations reported
in the literature for natural surface waters and groundwaters [4,9,44–50].

The evaluation of the impact of ERY–MET mixtures on microalga, over 72 h, revealed
that growth was progressively inhibited as toxicant concentrations increased (Figure 1).

Figure 1. Impact of erythromycin (ERY) and metolachlor (MET), individually and in combination,
on the growth of R. subcapitata. Algae were inoculated in OECD medium in the absence (control)
or presence of ERY, MET, or their mixtures. Numbers following the labels E (erythromycin) and M
(metolachlor) indicate the concentration (µg/L) of each toxicant. Error bars represent the standard
deviation. Asterisks (*) denote significant differences (p < 0.05) in growth compared to both the
control and respective individual toxicant concentrations. Statistical significance was determined via
one-way ANOVA followed by the Tukey–Kramer post hoc test.

Statistical analysis of the effect of the mixtures of pollutants showed that exposure
to E17 + M30, E35 + M30, and E35 + M45 resulted in a significant reduction in growth
(p < 0.05; ANOVA) compared with the control (algae not exposed to toxicants) and with
the corresponding individual concentrations of ERY and MET (Figure 1).

The possible synergistic or antagonistic interactions of the three ERY–MET mixtures
on algal growth inhibition (a sub-lethal endpoint) were assessed. For this purpose, the
observed effect was compared with the predicted effect from exposure to the mixture of
single compounds, using the synergism ratio, as described by Gottardi et al. [43].

The analysis was conducted considering the independent action (IA) model, assuming
that ERY and MET act independently on a common biological endpoint, through distinct
mechanisms of action, thereby affecting the algae via separate targets or metabolic path-
ways [36]. For the E17 + M30, E35 + M30, and E35 + M45 mixtures, synergy ratios of 1.1,
1.2, and 1.3, respectively, were calculated (Table 1), indicating a synergistic interaction [36].
Hence, these ERY–MET mixtures produced a negative effect (algal growth inhibition) that
was 9%, 13%, and 20% higher than predicted, respectively, based on the individual toxicities
of the compounds.

Given the fundamental role of photosynthesis in microalgal physiology, the toxico-
logical impact of ERY–MET binary mixtures was further investigated by evaluating their
effects on photosynthetic activity and pigment content, as complementary endpoints to
growth inhibition.
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Table 1. Evaluation of antagonistic or synergistic interactions in mixtures of erythromycin and
metolachlor on the physiology of R. subcapitata.

Parameter Mixture Predicted
Effect

Observed
Effect

Synergy
Ratio Interaction

Growth E17 + M30 0.56 0.51 1.1 S
E35 + M30 0.45 0.39 1.2 S
E35 + M45 0.35 0.28 1.3 S

Fv/Fm E17 + M22 0.25 0.16 1.6 S
E17 + M30 0.24 0.33 0.73 A
E17 + M45 0.25 0.53 0.47 A
E35 + M22 0.12 0.24 0.50 A

ΦPSII E17 + M45 0.30 0.63 0.48 A
ETR E17 + M45 0.29 0.59 0.49 A
Chl a E17 + M22 1.4 1.9 0.74 A

E17 + M30 1.5 2.1 0.71 A
E35 + M22 1.9 2.3 0.83 A
E35 + M45 2.4 2.7 0.89 A

CAR E17 + M22 1.3 1.6 0.81 A
E17 + M30 1.2 1.6 0.75 A
E35 + M22 1.6 2.0 0.80 A
E35 + M30 1.5 0.65 2.3 S
E35 + M45 1.7 1.8 0.94 A

Synergy ratio > 1: synergism (S); synergy ratio < 1: antagonism (A). Mixture abbreviations are as defined in Figure 1.
CAR—carotenoids; Chl a—chlorophyll a; ETR—electron transport rate; Fv/Fm—maximum photochemical yield
of photosystem II (PSII); ΦPSII—effective photochemical yield of PSII.

3.2. Disturbances in Photosynthetic Performance Induced by Individual Toxicants and Their
Binary Mixtures

When tested individually, ERY at concentrations ranging from 8 to 35 µg/L exerted a
pronounced inhibitory effect on algal photosynthesis, reducing the maximum photochemi-
cal yield of photosystem II (PSII) (Fv/Fm) by 45–87%. In contrast, exposure of R. subcapitata
to MET within the concentration range from 22 to 45 µg/L did not produce a pronounced
alteration of Fv/Fm (Figure 2A), suggesting that MET, at these concentrations, has no, or
only a slight, impact on the photosynthetic activity of the alga.

The results from exposing the algae to the different ERY–MET mixtures showed that,
except for E8 + M45, all combinations impaired algal photosynthetic capacity, as evidenced
by consistent alterations across all evaluated photosynthetic parameters (Figure 2). Regard-
ing the Fv/Fm ratio, exposure to ERY–MET mixtures induced distinct patterns of change in
the microalgae. The combinations E8 + M22 and E17 + M22 induced a greater reduction in
photosynthetic activity (Fv/Fm) compared to the respective individual concentrations of
ERY. In turn, the mixtures E8 + M30, E35 + M30, and E35 + M45 induced a reduction of
Fv/Fm similar to that caused by ERY alone. In contrast, the reduction in the Fv/Fm ratio for
the E8 + M45, E17 + M30, and E35 + M22 mixture was less pronounced than that induced
by the respective individual ERY concentrations. Notably, in the case of E8 + M45, the
inhibitory effect of ERY on Fv/Fm was completely suppressed by MET (Figure 2A).

Statistical treatment of the results revealed that the mixtures E17 + M22, E17 + M30,
E17 + M45, and E35 + M22 disturbed algal photosynthesis (Fv/Fm) significantly more than
both the control and the corresponding individual toxicant concentrations (Figure 2A).
The SR for the mixture E17 + M22 was 1.6, indicating a synergistic interaction (Table 1).
Accordingly, this mixture produced a reduction in the Fv/Fm ratio 36% higher than pre-
dicted based on the individual toxicity of the compounds. In contrast, the SR for mixtures
E17 + M30, E17 + M45, and E35 + M22 were 0.73, 0.47, and 0.50, respectively, suggesting
an antagonistic effect between the toxicants (Table 1); these mixtures induced a reduction
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in the Fv/Fm ratio that was 38%, 112%, and 100%, respectively, lower than predicted from
the individual effects.

Figure 2. Influence of ERY, MET, and their mixtures on the photosynthetic performance of R.
subcapitata. (A) maximum photochemical yield of PSII (Fv/Fm); (B) effective photochemical yield
of PSII (ΦPSII); (C) electron transport rate (ETR). X-axis abbreviations are as defined in Figure 1.
Error bars represent the standard deviation. Asterisks (*) denote significant differences (p < 0.05)
in the photosynthetic parameter compared to both the control and respective individual toxicant
concentrations. Statistical significance was determined via one-way ANOVA followed by the Tukey–
Kramer post hoc test.

The individual effects of ERY and MET on the effective photochemical yield of PSII
(ΦPSII), and the electron transport rate (ETR) of the algae followed a similar trend to that
observed with the Fv/Fm ratio (Figure 2B,C). Specifically, ERY caused a progressive and
substantial reduction in ΦPSII (between 55 and 75%) and ETR (between 55 and 82%). As it
occurred with the Fv/Fm ratio, MET, within the tested concentration range, did not cause a
meaningful alteration in these parameters (Figure 2B,C).

The effect of the mixture E17 + M45 on ΦPSII, and ETR, differed significantly from both
the control and the corresponding individual concentrations of the toxicants (Figure 2B,C).
This mixture exhibited synergy ratios of 0.48 and 0.49 for ΦPSII and ETR, respectively
(Table 1), indicating an antagonistic interaction between the toxicants relative to these
photosynthetic parameters, which corresponded to values 110% and 103%, respectively,
lower than predicted from the individual effects.

https://doi.org/10.3390/toxics14080645
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3.3. Impact of ERY, MET, and Their Mixtures on Microalgae Photosynthetic Pigments

No effect, or a slight increase, ranging from 28 to 57% and 19 to 53%, in chlorophyll a
(Chl a) content was observed in algae exposed to ERY and MET, respectively (Figure 3A).

Figure 3. Effect of ERY, MET and their mixtures on the photosynthetic pigments of R. subcapitata.
(A) chlorophyll a (Chl a) content; (B) carotenoids (CAR) content. See Figure 1 for x-axis abbreviation
definitions. Error bars represent the standard deviation. Asterisks (*) denote significant differences
(p < 0.05) in the pigments content compared to both the control and respective individual toxicant
concentrations. Statistical significance was determined via one-way ANOVA followed by the Tukey–
Kramer post hoc test.

All tested mixtures of ERY + MET induced an increase in the Chl a content of the alga.
The mixtures E17 + M22, E17 + M30, E35 + M22, and E35 + M45 induced a significantly
higher Chl a levels compared to both the control and the individual exposures to each
toxicant (Figure 3A). The calculated synergistic ratios for these mixtures were 0.74, 0.71,
0.83, and 0.89, respectively (Table 1), indicating an antagonistic interaction between ERY
and MET, which corresponded to Chl a values 36%, 40%, 21%, and 13%, respectively, lower
than predicted from the individual effects.

A similar pattern was observed for carotenoids (CAR), both under individual expo-
sures and in mixtures. Thus, no effect or a marginal effect on CAR content was detected in
algae exposed individually to ERY or MET, respectively (Figure 3B).

The mixtures, E17 + M22, E17 + M30, E35 + M22, E35 + M30, and E35 + M45 yield
CAR levels that differed significantly from those of the control and individual toxicant
concentrations. Except for E35 + M30, these mixtures induced an increase in algal CAR
content (Figure 3B). The calculated synergy ratios (0.75 to 0.94) denoted an antagonistic
interaction between ERY and MET, resulting in CAR levels 6 to 25% lower than those
predicted from the individual effects.

https://doi.org/10.3390/toxics14080645
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4. Discussion
ERY and MET are considered contaminants of emerging concern (CECs) due to their

expanding use, environmental persistence, increasing environmental detection, and toxi-
city even at low concentrations [51,52]. These two compounds presented low (<50 µ/L)
72h-EC50 values, which can be classified as very toxic (≤1 mg/L) to the aquatic environ-
ment [53,54].

Although ERY and MET ultimately lead to the same effect (growth inhibition), their
modes of action (MoA) in R. subcapitata appear to involve different pathways, given the
distinct adverse effects they induce. In this alga, ERY induces the down-regulation of genes
associated with porphyrin and chlorophyll metabolism pathways [55], reduces photosyn-
thetic activity [17,18], and affects mitochondrial function without inducing reactive oxygen
species (ROS) production or altering reduced glutathione (GSH) levels [17]. In contrast,
MET induces a marked increase in cell size [56,57], promotes the formation of a palmelloid-
like phenotype [58], and triggers ROS accumulation with a deep impact on the algal redox
defence machinery [27], without affecting (or affecting marginally) photosynthetic activity.
Taken together, these data strongly support the adoption of the independent action (IA)
model, used in this work, in the analysis of mixtures composed of ERY and MET.

Overall, increasing the individual concentrations of toxicants within the binary mix-
tures led to greater inhibition of algal growth. In all mixtures that showed significantly
different growth compared to the control and the individual treatments of ERY or MET,
a synergistic effect between the two substances was found. A similar effect was reported
for mixtures of macrolide antibiotics (erythromycin and clarithromycin) with the azole
fungicide ketoconazole, using growth inhibition of R. subcapitata as the endpoint [59].

Regarding the combined effects of both compounds on algal photosynthetic perfor-
mance, an overall reduction in PSII efficiency was observed. Interestingly, MET seems
to antagonize the negative impact of ERY. Consistently, the E17 + M45 mixture elicited
an antagonistic response across all photosynthetic parameters analyzed. An antagonistic
interaction was also observed for MET, which mitigated the toxic action of ERY on pho-
tosynthetic performance (Fv/Fm) for the E17 + M30 and E35 + M22 mixtures. The partial
mitigation of ERY toxicity by MET suggests that the two toxicants may interfere with dis-
tinct but interacting stress-response pathways, leading to compensatory mechanisms that
attenuate ERY-induced toxicity. These mechanisms may involve the activation of antioxi-
dant defences, stimulation of detoxification routes, or adjustments in cellular metabolism
that support PSII repair and pigment synthesis. Previous studies have reported that binary
and multi-component mixtures of antibacterial agents can exert antagonistic effects on
R. subcapitata [28,60]. Antagonistic interactions have also been reported for macrolide
antibiotic mixtures (erythromycin and roxithromycin) in the microalga Chlorella pyrenoi-
dosa [61]. Transcriptomic analysis revealed that co-exposure to toxicants triggered the
upregulation of key xenobiotic detoxification genes, namely cytochrome P450, glutathione
S-transferase (GST), and ABC transporter systems in C. pyrenoidosa, which actively acceler-
ate the metabolism and cellular efflux of the toxicants. Such mechanisms may similarly
contribute to the reduced photosynthetic impairment observed in ERY-MET mixtures.

It was observed that both ERY and MET induced a slight increase in Chl a and CAR, a
pattern consistent with previous studies reporting photosynthetic pigment upregulation
in microalgae (including R. subcapitata) experiencing moderate stress and displaying a
reduced PSII efficiency, due to the exposure to herbicides [62–64] or high salinity [65].
Given the essential role of Chl a in light harvesting [66] and the photoprotective and
antioxidant functions of CAR [67], the photosynthetic pigment upregulation can be seen as
a physiological adjustment (compensatory response) in microalgae exposed to moderate
stress. In this regard, different authors proposed that the Chl a upregulation, aimed to
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maximize light harvesting, could be an adaptive strategy to compensate for the reduction in
photosynthetic efficiency under adverse conditions [63,64,68]. Similarly, the increase in CAR
can be interpreted as a mechanism to dissipate excess energy, remove ROS, and stabilize
pigment–protein complexes when, under stress, there is a decrease in the activity/efficiency
of PSII [69,70].

When ERY and MET were combined, globally, photosynthetic pigments also increased,
indicating that the alga continued to activate this compensatory mechanism. However, the
magnitude of pigment upregulation was 13–40% lower than predicted by the independent
action model. Therefore, in this context, antagonism corresponds to a reduced compen-
satory response compared to what is expected from individual effects [36]. Two hypotheses
are possible to explain this antagonism. The first possibility corresponds to a reduced algal
compensation. Thus, under the stress imposed by the mixtures, the compensatory pigment
response was lower than predicted from single-compound exposures, indicating a reduced
capacity of the algae to establish an effective defensive mechanism. This possibility is
consistent with the observed growth inhibition and photosynthetic parameters reduction
(Fv/Fm, ΦPSII, ETR), which indicates that the alga remained under functional stress despite
the increase in photosynthetic pigment accumulation. The second possibility is that, theoret-
ically, the mixtures exerted lower effective stress than predicted. This possibility cannot be
excluded, given that MET partially mitigates ERY-induced impairment of PSII (particularly
at lower ERY concentrations). Under this scenario, less pigment upregulation would be
required to maintain photosynthetic function. Nevertheless, this hypothesis appears less
likely, as photosynthetic performance was not restored to control levels, indicating that the
algae remained under stress.

The observed growth reduction and disturbances in photosynthetic efficiency in R.
subcapitata exposed to ERY-MET mixtures may have broad ecological implications. It is
known that phytoplankton accounts for more than fifty percent of the net primary pro-
duction on Earth [71]. On the other hand, as component of phytoplankton, microalgae are
at the base of the food web (primary producers) [72]. Thus, even a moderate decline in
microalgal growth could weaken the food chain with potential cascading effects throughout
the ecosystem. In addition, alterations in pigment composition and impaired PSII function
(affecting microalgal photosynthesis), can also influence the efficiency of carbon sequestra-
tion, as photosynthesis is the most dominant carbon fixation pathway [73–75]. Furthermore,
changes in microalgal photosynthetic performance can also affect water quality by modify-
ing oxygen dynamics, thus altering redox conditions and nutrient cycling [12,76]. Therefore,
the combined effects of ERY and MET, here observed, may extend beyond specific cellu-
lar responses, potentially influencing ecosystem functioning in freshwater environments
contaminated with these pollutants.

This study was conducted using a well-known and ecologically relevant freshwater
microalga (R. subcapitata) with a short-term (72 h) exposure, which provides a controlled and
sensitive framework for detecting early physiological responses but does not capture longer-
term ecological dynamics. All values of the toxicants (single and in mixtures) correspond
to nominal concentrations. For a more complete characterization of the environmental risk
associated with the mixture of toxicants studied here (ERY and MET), long-term studies
and assessments of possible effects across additional trophic levels will be required.

To conclude, the mixtures composed of ERY and MET, at low and environmentally rel-
evant concentrations, synergistically inhibited algal growth. In addition, the mixtures of the
two contaminants had a profound impact on photosynthetic performance, as reflected by
reductions in Fv/Fm, ΦPSII, and ETR. Interestingly, MET antagonized the detrimental effects
of ERY on photosynthesis, particularly at low concentrations of the antibiotic. Conversely,
exposure to ERY–MET mixtures resulted in an overall increase in photosynthetic pigments
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(Chl a and CAR), likely reflecting a compensatory mechanism activated by the alga to miti-
gate the decline in photosynthetic efficiency. Despite the increase in pigment accumulation,
the interaction between the two toxicants remained predominantly antagonistic.

Taken together, the results presented here uncover previously unreported physiologi-
cal responses of R. subcapitata to antibiotic–herbicide mixtures, highlighting the complexity
of combined toxicant effects in aquatic primary producers. By elucidating both synergistic
and antagonistic interactions across key physiological endpoints (growth, photosynthetic
performance, and photosynthetic pigments concentrations), this study contributes new
knowledge to the ecotoxicological assessment of pharmaceutical–herbicide mixtures and re-
inforces the need to consider the mixture effects in the risk assessment of these compounds
for aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxics14080645/s1, Figure S1: Dose–response curves of R. sub-
capitata exposed to erythromycin (ERY) or metolachlor (MET); Table S1: One-way ANOVA results
(F-values and p-values) for the effects of ERY-MET mixtures on the physiological parameters of
R. subcapitata; Table S2: Effect concentrations (EC) of ERY and MET on R. subcapitata; Table S3:
Environmental concentrations of ERY and MET in natural waters. References [4,9,44–50] cite in
Supplementary Materials.
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Emerging Contaminant Substances in Aquatic Environment. Int. J. Environ. Health Res. 2013, 23, 296–310. [CrossRef] [PubMed]

52. European Commission Commission Implementing Regulation (EU). 2024/20 of 12 December 2023 Concerning the Non-Renewal
of the Approval of the Active Substance S-Metolachlor. Off. J. Eur. Union. Available online: http://Data.Europa.Eu/Eli (accessed
on 20 May 2026).

53. OECD. Environmental Indicators for Agriculture, Volume 3—Methods and Results; Organization for Economic Cooperation and
Development: Paris, France, 2001; p. 203.

54. European Commission Regulation (EC). No 1272/2008 of the European Parliament and of the Council of 16 December 2008 on
Classification, Labelling and Packaging of Substances and Mixtures. Off. J. Eur. Union 2008, 353, 1–1355. [CrossRef]

55. Guo, J.; Ma, Z.; Peng, J.; Mo, J.; Li, Q.; Guo, J.; Yang, F. Transcriptomic Analysis of Raphidocelis subcapitata Exposed to Erythromycin:
The Role of DNA Replication in Hormesis and Growth Inhibition. J. Hazard. Mater. 2021, 402, 123512. [CrossRef] [PubMed]

56. Machado, M.D.; Soares, E. V Reproductive Cycle Progression Arrest and Modification of Cell Morphology (Shape and Biovolume)
in the Alga Pseudokirchneriella subcapitata Exposed to Metolachlor. Aquat. Toxicol. 2020, 222, 105449. [CrossRef] [PubMed]

https://doi.org/10.3390/toxics14080645

https://doi.org/10.13671/j.hjkxxb.2014.0833
https://doi.org/10.1016/j.scitotenv.2013.09.057
https://www.ncbi.nlm.nih.gov/pubmed/24144935
https://doi.org/10.1093/plcell/koab008
https://www.ncbi.nlm.nih.gov/pubmed/33793891
https://doi.org/10.1016/0005-2728(75)90209-1
https://www.ncbi.nlm.nih.gov/pubmed/1125215
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1002/etc.3752
https://www.ncbi.nlm.nih.gov/pubmed/28145595
https://doi.org/10.1016/j.scitotenv.2015.02.100
https://www.ncbi.nlm.nih.gov/pubmed/25777955
https://doi.org/10.1016/j.jconhyd.2010.12.010
https://www.ncbi.nlm.nih.gov/pubmed/21277043
https://doi.org/10.1016/j.chemosphere.2011.05.014
https://www.ncbi.nlm.nih.gov/pubmed/21641628
https://doi.org/10.1007/s10661-014-3926-z
https://www.ncbi.nlm.nih.gov/pubmed/25027777
https://doi.org/10.1016/S0048-9697(99)00536-7
https://www.ncbi.nlm.nih.gov/pubmed/10805233
https://doi.org/10.1016/j.watres.2010.05.032
https://www.ncbi.nlm.nih.gov/pubmed/20554303
https://doi.org/10.5194/hess-30-1291-2026
https://doi.org/10.1080/09603123.2012.733934
https://www.ncbi.nlm.nih.gov/pubmed/23067248
http://Data.Europa.Eu/Eli
https://doi.org/10.5055/jem.2008.0050
https://doi.org/10.1016/j.jhazmat.2020.123512
https://www.ncbi.nlm.nih.gov/pubmed/32738783
https://doi.org/10.1016/j.aquatox.2020.105449
https://www.ncbi.nlm.nih.gov/pubmed/32109756
https://doi.org/10.3390/toxics14080645


Toxics 2026, 14, 645 15 of 15

57. Lanasa, S.; Niedzwiecki, M.; Reber, K.P.; East, A.; Sivey, J.D.; Salice, C.J. Comparative Toxicity of Herbicide Active Ingredients,
Safener Additives, and Commercial Formulations to the Nontarget Alga Raphidocelis subcapitata. Environ. Toxicol. Chem. 2022, 41,
1466–1476. [CrossRef] [PubMed]

58. Machado, M.D.; Soares, E. V Palmelloid-like Phenotype in the Alga Raphidocelis subcapitata Exposed to Pollutants: A Generalized
Adaptive Strategy to Stress or a Specific Cellular Response? Aquat. Toxicol. 2023, 264, 106732. [CrossRef] [PubMed]

59. Yamagishi, T.; Horie, Y.; Tatarazako, N. Synergism between Macrolide Antibiotics and the Azole Fungicide Ketoconazole in
Growth Inhibition Testing of the Green Alga Pseudokirchneriella subcapitata. Chemosphere 2017, 174, 1–7. [CrossRef] [PubMed]

60. Yang, L.-H.; Ying, G.-G.; Su, H.-C.; Stauber, J.L.; Adams, M.S.; Binet, M.T. Growth-Inhibiting Effects of 12 Antibacterial Agents and
Their Mixtures on the Freshwater Microalga Pseudokirchneriella subcapitata. Environ. Toxicol. Chem. 2008, 27, 1201–1208. [CrossRef]
[PubMed]

61. Wu, F.; Pan, X.; Zhou, Y.; Zhu, Y.; Liu, K.; Li, W.; Han, J. The Key Molecular Mechanisms of Antagonism Induced by Combined
Exposure to Erythromycin and Roxithromycin in Chlorella pyrenoidosa. Aquat. Toxicol. 2025, 280, 107269. [CrossRef] [PubMed]

62. Rioboo, C.; González, O.; Herrero, C.; Cid, A. Physiological Response of Freshwater Microalga (Chlorella vulgaris) to Triazine and
Phenylurea Herbicides. Aquat. Toxicol. 2002, 59, 225–235. [CrossRef] [PubMed]

63. Stachowski-Haberkorn, S.; Jérôme, M.; Rouxel, J.; Khelifi, C.; Rincé, M.; Burgeot, T. Multigenerational Exposure of the Microalga
Tetraselmis suecica to Diuron Leads to Spontaneous Long-Term Strain Adaptation. Aquat. Toxicol. 2013, 140–141, 380–388.
[CrossRef] [PubMed]

64. Mansano, A.S.; Moreira, R.A.; Dornfeld, H.C.; Freitas, E.C.; Vieira, E.M.; Sarmento, H.; Rocha, O.; Seleghim, M.H.R. Effects of
Diuron and Carbofuran and Their Mixtures on the Microalgae Raphidocelis subcapitata. Ecotoxicol. Environ. Saf. 2017, 142, 312–321.
[CrossRef] [PubMed]

65. Ramachandran, P.; Pandey, N.K.; Yadav, R.M.; Suresh, P.; Kumar, A.; Subramanyam, R. Photosynthetic Efficiency and Transcrip-
tome Analysis of Dunaliella salina under Hypersaline: A Retrograde Signaling Mechanism in the Chloroplast. Front. Plant Sci.
2023, 14, 1192258. [CrossRef] [PubMed]

66. Schiphorst, C.; Bassi, R. Chlorophyll-Xanthophyll Antenna Complexes: In between Light Harvesting and Energy Dissipation.
In Photosynthesis in Algae: Biochemical and Physiological Mechanisms, Advances in Photosynthesis and Respiration; Larkum, A.W.D.,
Grossman, A.R., Raven, J.A., Eds.; Springer: Cham, Switzerland, 2020; Volume 45, pp. 27–55. [CrossRef]

67. Hashimoto, H.; Uragami, C.; Cogdell, R.J. Carotenoids and Photosynthesis. In Carotenoids in Nature: Biosynthesis, Regulation and
Function; Stange, C., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 111–139.

68. Ricart, M.; Barceló, D.; Geiszinger, A.; Guasch, H.; de Alda, M.L.; Romaní, A.M.; Vidal, G.; Villagrasa, M.; Sabater, S. Effects
of Low Concentrations of the Phenylurea Herbicide Diuron on Biofilm Algae and Bacteria. Chemosphere 2009, 76, 1392–1401.
[CrossRef] [PubMed]

69. Girolomoni, L.; Bellamoli, F.; de la Cruz Valbuena, G.; Perozeni, F.; D’Andrea, C.; Cerullo, G.; Cazzaniga, S.; Ballottari, M.
Evolutionary Divergence of Photoprotection in the Green Algal Lineage: A Plant-like Violaxanthin de-Epoxidase Enzyme
Activates the Xanthophyll Cycle in the Green Alga Chlorella vulgaris Modulating Photoprotection. New Phytol. 2020, 228, 136–150.
[CrossRef] [PubMed]

70. Kim, M.; Cazzaniga, S.; Jang, J.; Pivato, M.; Kim, G.; Ballottari, M.; Jin, E. Photoautotrophic Cultivation of a Chlamydomonas
Reinhardtii Mutant with Zeaxanthin as the Sole Xanthophyll. Biotechnol. Biofuels Bioprod. 2024, 17, 41. [CrossRef] [PubMed]

71. Rousseaux, C.S.; Gregg, W.W. Interannual Variation in Phytoplankton Primary Production at a Global Scale. Remote Sens. 2014, 6,
1–19. [CrossRef]

72. Falkowski, P.G.; Raven, J.A. Aquatic Photosynthesis, 2nd ed.; Princeton University Press: Princeton, NJ, USA, 2007; Volume 3.
73. Murata, N.; Takahashi, S.; Nishiyama, Y.; Allakhverdiev, S.I. Photoinhibition of Photosystem II under Environmental Stress.

Biochim. Biophys. Acta—Bioenerg. 2007, 1767, 414–421. [CrossRef] [PubMed]
74. Lam, M.K.; Lee, K.T.; Mohamed, A.R. Current Status and Challenges on Microalgae-Based Carbon Capture. Int. J. Greenh. Gas

Control 2012, 10, 456–469. [CrossRef]
75. You, T.; Yang, Y.; Cao, T.; Wang, L.; Li, X. Algal Carbon Concentrating Drives Fatty Acid Biosynthesis beyond Photosynthesis. Cell

Rep. 2025, 44, 116436. [CrossRef] [PubMed]
76. Omokaro, G.O.; Nafula, Z.S.; Iloabuchi, N.E.; Chikukula, A.A.; Osayogie, O.G.; Nnoli, E.C. Microalgae as Biofactories for

Sustainable Applications: Advancing Carbon Sequestration, Bioenergy, and Environmental Remediation. Sustain. Chem. Clim.
Action 2025, 7, 100098. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/toxics14080645

https://doi.org/10.1002/etc.5327
https://www.ncbi.nlm.nih.gov/pubmed/35262227
https://doi.org/10.1016/j.aquatox.2023.106732
https://www.ncbi.nlm.nih.gov/pubmed/37879199
https://doi.org/10.1016/j.chemosphere.2017.01.071
https://www.ncbi.nlm.nih.gov/pubmed/28152378
https://doi.org/10.1897/07-471.1
https://www.ncbi.nlm.nih.gov/pubmed/18419195
https://doi.org/10.1016/j.aquatox.2025.107269
https://www.ncbi.nlm.nih.gov/pubmed/39946963
https://doi.org/10.1016/S0166-445X(01)00255-7
https://www.ncbi.nlm.nih.gov/pubmed/12127739
https://doi.org/10.1016/j.aquatox.2013.06.016
https://www.ncbi.nlm.nih.gov/pubmed/23896289
https://doi.org/10.1016/j.ecoenv.2017.04.024
https://www.ncbi.nlm.nih.gov/pubmed/28433596
https://doi.org/10.3389/fpls.2023.1192258
https://www.ncbi.nlm.nih.gov/pubmed/37416885
https://doi.org/10.1007/978-3-030-33397-3_3
https://doi.org/10.1016/j.chemosphere.2009.06.017
https://www.ncbi.nlm.nih.gov/pubmed/19580990
https://doi.org/10.1111/nph.16674
https://www.ncbi.nlm.nih.gov/pubmed/32442330
https://doi.org/10.1186/s13068-024-02483-8
https://www.ncbi.nlm.nih.gov/pubmed/38486329
https://doi.org/10.3390/rs6010001
https://doi.org/10.1016/j.bbabio.2006.11.019
https://www.ncbi.nlm.nih.gov/pubmed/17207454
https://doi.org/10.1016/j.ijggc.2012.07.010
https://doi.org/10.1016/j.celrep.2025.116436
https://www.ncbi.nlm.nih.gov/pubmed/41091597
https://doi.org/10.1016/j.scca.2025.100098
https://doi.org/10.3390/toxics14080645

	Introduction 
	Materials and Methods 
	Alga, Culture Medium, and Cultural Conditions 
	Chemicals and Preparation of the Respective Solutions 
	Toxicity of Individual Compounds 
	Toxicity of Binary Mixtures of ERY and MET 
	Evaluation of Photosynthetic Performance 
	Quantification of Pigments Content 
	Assessment of Mixture Interactions 
	Reproducibility of the Results and Data Analysis 

	Results 
	Individual and Combined Effects of ERY and MET on the Microalga Growth 
	Disturbances in Photosynthetic Performance Induced by Individual Toxicants and Their Binary Mixtures 
	Impact of ERY, MET, and Their Mixtures on Microalgae Photosynthetic Pigments 

	Discussion 
	References

