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Abstract

This study was conducted to examine the combined effects of monensin (MS) and 3 pm
polystyrene microplastics (PEMPs) on the growth and stress-associated physiological
responses of Microcystis aeruginosa under controlled laboratory conditions [temperature:
20 £ 1 °C, lighting: (30 £ 4) pumol m2s 1 (12h:12h light-dark photoperiod), growth
medium: BG-11]. The experiments included MS concentrations of 0, 50, 250, and 500 ug/L
and PEMPs concentrations of 0.25, 1.25, and 6 mg/L. Measurements included optical
density (ODy3y), chlorophyll ‘a’, cellular protein content, oxidative stress, and the activities
of catalase (CAT) and guaiacol peroxidase (GPX). M. aeruginosa exhibited a significant
increase in growth on day 7 at elevated MS concentrations across all PEMP levels. Similarly,
MS and PEMP treatments had a significant interactive effect on cellular protein content on
day 7. However, their combined effect on chlorophyll ‘a” production was not significant.
Oxidative stress measurements showed a dose-dependent decrease with increasing MS
concentrations under PEMP administrations. Enzyme activity assays indicated that CAT
activity increased while GPX activity decreased with higher MS concentrations. The results
imply that co-contamination of PEMPs and MS has a significant impact on the growth and
stress physiology of M. aeruginosa in aquatic ecosystems.

Keywords: antioxidants; Microcystis aeruginosa; monensin; oxidative stress; polystyrene
microplastics

1. Introduction

Microcystis aeruginosa is recognized as one of the predominant bloom-forming
cyanobacteria, widely distributed across aquatic ecosystems worldwide [1]. Harmful
algal blooms (HABs) dominated by M. aeruginosa elevate the concentrations of toxins such
as microcystins and odor-causing compounds like 2-methylisoborneol (2-MIB) and geosmin
in freshwater bodies, posing significant risks to both human and animal health [2,3]. Ox-
idative stress is defined as a cellular condition arising from an imbalance between the
generation and accumulation of reactive oxygen species (ROS) and the efficacy of the
antioxidant defense mechanisms responsible for their detoxification [4]. Through evo-
lutionary adaptation, M. aeruginosa has developed enhanced tolerance to environmental
stresses by employing complex strategies such as colony formation to mitigate the effects
of external stresses [5]. The accumulation of ROS in response to environmental stressors
markedly disrupts the overall metabolic processes of cyanobacteria cells [6]. Previous
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studies have reported varied responses of M. aeruginosa to different abiotic stress factors.
Experimental results on the effects of temperature variation on M. aeruginosa showed
increased production of ROS at higher temperatures compared to lower temperatures.
Furthermore, temperature fluctuations significantly affected intracellular chlorophyll ‘a’
concentration, ROS levels, and catalase (CAT) activity in M. aeruginosa [7]. Similarly, M.
aeruginosa has exhibited varying stress responses to different water contaminants, including
salts, antibiotics, and microplastics [8-10].

Agricultural runoff, particularly from livestock farming, introduces multiple stressors
including veterinary antibiotics and microplastics that may synergistically affect cyanobac-
terial communities. Monensin (MS) is a polyether ionophore antibiotic that is widely
used as livestock feed additive and extensively released into the environment via live-
stock manure [11]. MS has potential to increase the feed conversion efficiency of rumen
digestion process of cattle and reduce the production of methane (CHy) by enteric fermen-
tation, which supports regulation of greenhouse gas (GHG) emissions from the livestock
sector [12,13]. MS contaminations near cattle farming operations are frequently reported
and the estimated maximum theoretical concentration of MS near a lagoon was reported
as 246 pg/L, assuming no degradation occurred [14]. Previous studies have reported MS
concentration of 84 g /L in wastewater from a beef cattle feedyard system and 40 pg/L of
MS at a beef lagoon near cattle farming operations [15,16]. Presence of ionophores including
MS in surface waters, ground water, bottom-sediments, and soil has been reported in all
USA, Europe, and Asia regions [17]. However, the MS contamination levels in nearby
aquatic environments could exceed the levels of ordinary veterinary antibiotics, since they
are administered daily to cattle as feed additives with an administering dosage ranging
5-400 g/ton of feed [18]. Even with higher contamination levels around livestock farms,
the secondary environmental impacts of prolonged MS use on surrounding ecosystems are
not clearly defined.

Plastic contaminations have become a major ecological concern worldwide, leading to
many adverse environmental and socioeconomic impacts. The impacts worsen with the
long-term transformation of large plastics into microplastics (MPs, particle sizes ranging
from 1 um to 5 mm) and nano-plastics (NPs, particle size < 1 um) as a result of the degra-
dation process [19,20]. While many studies have focused on oceans, surface water bodies,
landfill sites, and open dumpsites, the contribution of the livestock sector in releasing
primary or secondary micro and nano-plastics (MNPs) has not been well highlighted. The
main entry pathway of MPNss for livestock farms is contaminated surface water sources
(rivers, lakes, ponds, and streams). In addition to these, plastic feed packages, synthetic
bedding materials, feeders, and drinkers used on farms act as secondary contamination
sources [21]. Agricultural field practices that use plastic mulches release MNPs during
their degradation process [22]. These MNPs are predominantly detected as polypropylene,
polyethylene, and polystyrene when considered on a global scale [23].

MS has interesting chemical properties incorporated with its molecular structure, if
it is considered that the monensic acid (monohydrate) contains six oxygen atoms inside
and five of them are able to form cation complexes with mono-valent metal ions. The
cation forming capability varies as Na* > K* > Li* > Rb* > Cs™ respectively [24]. These
metal-binding properties of monensin catalyze the exchange of Na* and H* ions across
biological membranes [25]. These processes result in blocking the nutrition transport across
the membrane and maintaining a pH difference across the membrane, especially in gram-
positive bacteria. Also, the unbalanced Na* and K* distribution tends to activate the ATP,
utilizing primary pumps to re-establish the ion balance in between the cell membrane.
Prolonged ATP utilization under conditions of malnutrition depletes cellular energy re-
serves, creating additional stress to cells and ultimately leading to cell death [26]. However,
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cyanobacteria show a relatively lesser response to monensin due to gram-negative cell wall
structure. Polystyrene (PE) is a kind of a polymer (CgHg), derived from styrene. This is
highly vulnerable to natural and artificial degradation [27]. The adsorption of antibiotics
such as MS onto MPs is critical for assessing their combined toxicity. MPs have shown
adsorption of antibiotics including amoxicillin, ciprofloxacin, and tetracycline that were in
the freshwater systems, and polyethylene-based MPs showed the highest adsorption. The
adsorption mechanisms have been identified as hydrophobic interactions, hydrogen bonds,
electrostatic interactions, van der Waals bonds, and microporous filling mechanisms [28,29].
However, there is limited information available on the adsorption of ionophore antibiotics
onto microplastics.

According to a previous experiment, M. aeruginosa showed significant increase in
growth for 100, 200, and 500 pg/L of MS on the seventh day of the exposure period, reveal-
ing the positive impact of MS on the formation of M. aeruginosa-based HABs. Similarly,
M. aeruginosa showed a significant decrease in chlorophyll ‘a” production at 500 pug/L MS
treatment and did not show any significant change in oxidative stress and antioxidant
enzyme activities in between the 100-500 pg/L MS concentrations. However, 1000 and
2000 pg/L of MS showed a significant growth reduction and increased oxidative stress con-
dition in M. aeruginosa followed by increased antioxidant activities, highlighting the typical
antibacterial properties of monensin against M. aeruginosa [30]. However, the interactive
effects of MS and polystyrene MPs in the nearby aquatic environments in livestock farming
areas might alter the growth and physiological responses of M. aeruginosa compared to
the individual MS treatment (Figure 1). Correspondingly, stress responses of M. aeruginosa
under the interactive effects of ionophore antibiotic MS and 3 um polystyrene MPs (PEMPs)
remain unrevealed.
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Figure 1. Flow of waste materials from livestock farming operations and microplastic-releasing
industries towards nearby freshwater ponds. Under the presence of macro- and micronutrients,
optimum lighting (PAR), and optimum temperature, cyanobacteria such as Microcystis aeruginosa
tend to form bloom conditions. Contaminants such as monensin and polystyrene microplastics might
alter the growth, oxidative stress levels, and antioxidants levels of M. aeruginosa.

Therefore, the present study was conducted to evaluate the growth, oxidative stress
levels, and antioxidant enzyme activities (CAT and GPX) of Microcystis aeruginosa under
exposure to different concentrations of MS and PEMPs. The ultimate objective was to
investigate the stress responses of M. aeruginosa to MS and PEMPs and to assess their
potential impacts on aquatic ecosystems in areas near livestock farming.
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2. Results

Microcystis aeruginosa treatment flasks were visually observed daily and after the 5th
day of the treatment; among the treatment flasks, all three PEMP treatments (0.25, 1.25,
and 6 mg/L) of 250 pug/L and 500 pug/L MS treatments showed a clear increase in green
color compared to the 0 and 50 ug/L MS treatments. Microscopic observations (Keyence
BZ-XB10, Itasca, IL, USA) were conducted on day 7, showing that PEMP particles remained
attached to the cell clumps as well as freely dispersed in the growth medium (Figure 2).
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Figure 2. (a) Microcystis aeruginosa stock cultures used to arrange treatment. (b) Microscopic view
of starting cultures of M. aeruginosa at day zero [Keyence BZ-XB10 fluorescence microscope at
(44.4 x magnification)]. (c) Treatment flasks of M. aeruginosa treated with monensin and 3 um
polystyrene microplastics. (d) Microscopic view of M. aeruginosa culture under the treatment of
monensin 500 pg/L and 3 um polystyrene microplastics 6 mg/L at day 7.

Visual observation results were further confirmed by the ODy3g values of day 5 and
day 7 (Figures 3 and 4). Even under the effect of PEMPs (0.25, 1.25, and 6 mg/L), MS
has significantly promoted the growth of M. aeruginosa for 250 and 500 ug/L concentra-
tions. When considering the ODy3 distribution of day 3 (Figure 4a), under the effects
of 6 mg/L PEMPs, ODy3) has clearly reduced under the effect of 500 ug/L MS concen-
tration, indicating the negative responses of M. aeruginosa cells under the increased level
of two contaminants. However, this interaction was not statistically significant. Under
these contamination levels at the 3rd day of the treatment, 250 pug/L MS and 0.25 mg/L
PEMPs showed the highest mean ODy73) value. According to the statistical analysis, none
of the MS and PEMP combinations showed any statistically significant impact on the day
3 ODy39 measurements. When it comes to the ODy3 results of day 5 of the treatment
(Figure 4b), all three treatment combinations of PEMPs showed elevated ODy3 values
for 250 and 500 pg/L MS treatments. Among those two treatment combinations, highest
PEMP treatment (6 mg/L) showed the lowest ODy3 value. Similarly, the lowest ODy3
value for all treatment combinations was shown by the highest PEMP (6 mg/L) treatment
of 0 ug/L MS treatment. According to the day 5 results, there is a statistically significant
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[F (3,12) = 14.06, p < 0.01] effect of MS treatment on the OD73y measurements. Even under
the PEMP contaminations, M. aeruginosa demonstrated an increase in the ODy3 distribution
of day 7 (Figure 4c), representing a similar result to the day 7 outcomes of individual MS
treatment [30]. Similarly, there is a statistically significant [F (3,12) = 27.50, p < 0.01] effect
of MS treatment on the day 7 ODy3y measurements. The considered levels of PEMPs did
not show any statistically significant interactive effect on the ODy3( measurements.
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Figure 3. Optical density (ODy3g) distribution of Microcystis aeruginosa cultures at day 3, day 5, and
day 7 under monensin (0, 50, 250, and 500 pg/L) treatment. (a) Under the exposure of 0.25 mg/L
3 um polystyrene microplastics (PEMPs), (b) under the exposure of 1.25 mg/L PEMPs, and (c) under
the exposure of 6 mg/L PEMPs. Error bars represent the standard error.
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Figure 4. Optical density (ODy3p) distribution of Microcystis aeruginosa cultures at (a) day 3, (b) day 5,
and (c) day 7 under monensin (0, 50, 250, and 500 pg/L) and 3 pm polystyrene microplastics
(PEMPs—0.25, 1.25, and 6 mg/L) exposure. Error bars represent the standard error. Significant
(p < 0.05) treatments of each PEMP group compared to relevant control are indicated as “*’.

At day 3 of the treatment, cellular protein measurements (Figure 5) of 1.25 and 6 mg/L
treatments showed a noticeable increase in cell protein for 50, 250, and 500 png/L MS
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concentrations, demonstrating the positive impact of MS on the growth of M. aeruginosa.
The MS and PEMP treatments showed a statistically significant [F (6,12) = 6.54, p < 0.01]
interactive effect on the cellular protein contents of day 3 of the treatment. Day 5 cellular
protein results (Figure 5b) showed a statistical significance [F (3,12) = 12.07, p < 0.01] for MS
treatment, while day 7 results (Figure 5c) showed a statistically significant [F (6,12) = 3.38,
p = 0.034] interactive effect. The day 7 results showed a significant increase in cellular
protein contents compared to the control for increased MS under higher PEMP treatments,
further demonstrating the positive effect of MS on the growth of M. aeruginosa. According to
the grouped one-way ANOVA analysis, for the respective PEMP groups 1.25 and 6 mg/L,
day 7 cellular protein measurements exhibited a significant (p < 0.05) increase for 250 and
500 ng/ L MS concentrations.
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Figure 5. Cellular protein contents (ug /mL) of Microcystis aeruginosa cultures at (a) day 3, (b) day 5,
and (c) day 7 under monensin (0, 50, 250, and 500 pg/L) and 3 pum polystyrene microplastics
(PEMPs—0.25, 1.25 and 6 mg/L) exposure. Error bars represent the standard error. Significant
treatments (p < 0.05) of each PEMP group compared to relevant control are indicated as .

When considering the overall results for all three days (day 3, 5, and 7), increasing MS
concentrations showed a dose-dependent decrease in chlorophyll ‘a” production (Figure 6).
On day 3, MS and PEMP treatments showed a statistically significant [F (6,12) = 8.63,
p < 0.01] interactive effect on the chlorophyll ‘a” production. However, the lowest chloro-
phyll ‘a’ production was observed from the highest MS and PEMP treatment combination.
The day 5 and day 7 results did not show any statistically significant interactive effect,
while the MS treatment has a statistically significant [F (3,12) = 6.762, p < 0.01] effect on the
day 7 chlorophyll ‘a” production.

H,0O; concentrations of the cells [H,O, concentration (uM)/cell protein (ug)] were
estimated as an indirect indicator of oxidative stress levels of M. aeruginosa. The MS and
PEMP treatments exhibited an MS dose-dependent decrease in HyO, concentration for
higher (>50 pg/L) MS levels (Figure 7). All PEMP combinations resulted in lower H,O,
concentrations at 250 and 500 pg/L MS compared to their respective controls. Based on
the statistical analysis, MS and PEMP treatments did not have any statistically significant
interactive effect on HyO; concentrations. However, MS treatment exhibited a statistically
significant [F(3,12) = 52.91, p < 0.01] effect on H,O; concentrations. According to the
previous study, MS treatment did not show any statistically significant increased oxidative
stress condition for 100, 200, and 500 pg/L MS concentrations [30]. However, this significant
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decrease in HyO, concentration highlights the activation of antioxidant enzyme measures
under the increased MS and PEMP contaminations. This finding was further supported by
the increased CAT activities observed in the current experiment (Figure 8) at higher MS
concentrations. The results showed a statistically significant interactive effect of MS and
PEMP treatment, as confirmed by two-way ANOVA [F(6,12) = 14.70, p < 0.01], indicating
that the changes in CAT activity were closely linked to both MS and PEMP treatments.
GPX activity measurements (Figure 9) did not show any statistically significant interactive
effect for MS and PEMP treatments. However, the individual treatment of MS showed a
statistically significant [F(3,12) = 11.54, p < 0.01] effect on the GPX activity measurements.
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Figure 6. Chlorophyll ‘a’ content [chlorophyll ‘a’ (ug/mL)/cellular protein (ug/mL)] of Microcystis
aeruginosa cultures at (a) day 3, (b) day 5, and (c) day 7 under monensin (0, 50, 250, and 500 ng/L)
and 3 um polystyrene microplastics (PEMPs—0.25, 1.25 and 6 mg/L) exposure. Error bars represent
the standard error. Significant (p < 0.05) treatments of each PEMP group compared to relevant control

are indicated as “*'.
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Figure 7. Oxidative stress levels [HyO, (uM)/cell protein (ug/mL)] of Microcystis aeruginosa cultures
at day 7 under monensin (0, 50, 250, and 500 pg/L) and 3 um polystyrene microplastics (PEMPs—0.25,
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1.25, and 6 mg/L) exposure. Error bars represent the standard error. Significant (p < 0.05) treatments
of each PEMP group compared to relevant control are indicated as “*’.
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Figure 8. CAT activity [micromoles of hydrogen peroxide consumed per minute per unit weight (ug)
of cellular protein in the sample (umol/min/ug)] of Microcystis aeruginosa cultures at day 7 under
monensin (0, 50, 250 and 500 pg/L) and 3 pm polystyrene microplastics (PEMPs—0.25, 1.25, and 6
mg/L) exposure. Error bars represent the standard error. Significant (p < 0.05) treatments of each
PEMP group compared to relevant control are indicated as **’.
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Figure 9. GPX activity [micromoles of tetra-guaiacol produced per minute per unit weight (ug)
of cellular protein in the sample (umol/min/ug)] of Microcystis aeruginosa cultures at day 7 under
monensin (0, 50, 250 and 500 pg/L) and 3 pm polystyrene microplastics (PEMPs—0.25, 1.25, and
6 mg/L) exposure. Error bars represent the standard error. Significant (p < 0.05) treatments of each
PEMP group compared to relevant control are indicated as "*".

3. Discussion

Microplastic (MP) contamination and HAB formation have emerged as significant
global environmental concerns, posing potential risks to ecosystems, public health, and
animal welfare [31,32]. MS is used as both a veterinary antibiotic and a livestock feed
additive. Its administration as a feed additive aims to enhance feed conversion efficiency
in cattle, ultimately reducing CH, emissions from enteric fermentation [13]. However,
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inadequate livestock waste management practices and excessive use of MS have led to a
significant increase in its environmental concentrations by converting it as an environmental
stressor for other organisms [33].

Previous experimental results revealed that MS has a significant positive effect on the
growth of M. aeruginosa. The highest growth was observed at 500 ug/L MS concentration
according to the measurements of the 7th day of the experiment. MS concentrations of 1000
and 2000 pg/L significantly inhibited M. aeruginosa growth by the 7th day, exhibiting a sig-
nificant increase in oxidative stress levels [30]. Therefore, the present study was conducted
based on the MS concentration range that promoted M. aeruginosa growth to evaluate the
impact of PEMPs under this enhanced growth. Previous experiment results on M. aerugi-
nosa (FACHB905—Wuhan, China) exhibited significant growth inhibition at 10-200 mg/L
concentrations of 3 um PEMPs, as indicated by the chlorophyll ‘a” measurement after a
72-h exposure period. In the current experiment, at 0 ug/L MS concentration, increasing
PEMP levels resulted in decreased ODy3 across all three days, and a reduction in cellular
protein content on day 3 and day 5 at the highest PEMP concentration. This phenomenon
may be attributed to the physical and chemical interference caused by the presence of
PEMPs, including induced oxidative stress and cell membrane disruption resulting from
their presence. However, the exact mechanism underlying the growth inhibition of M.
aeruginosa under exposure to PEMPs remains insufficiently understood in previous studies.
Similarly, H,O, measurements showed an increasing trend with increasing PEMP levels,
indicating heightened oxidative stress in M. aeruginosa in response to PEMPs. The elevated
H,O, levels may be attributed to a physiological stress response triggered by the pres-
ence of exogenous particulate matter in the surrounding medium. Such particles could
interfere with cellular homeostasis by disrupting membrane integrity, enhancing light
scattering, or altering nutrient and gas exchange dynamics. These disturbances may lead
to an overproduction of ROS, thereby overwhelming the antioxidant defense mechanisms
of M. aeruginosa and resulting in elevated oxidative stress [34,35].

However, the present experiment results revealed that the interactive effect of MS and
PEMPs still positively influenced the growth of M. aeruginosa, highlighting the individual
effects of MS. This finding is clearly demonstrated by the OD73y measurements (Figure 4)
and protein assays (Figure 5), which displayed increased values for 250 and 500 pg/L MS
concentrations across all three PEMP treatments. Cell protein measurements showed a
statistically significant interactive effect of the MS and PEMPs on day 7 of the treatment;
however, the direction of this effect was influenced by the MS concentration. Furthermore,
an exposure of M. aeruginosa to 5 um PEMPs at concentrations of 10-100 mg/L for 7 days
resulted in growth promotion on day 7, and exposure of 10-200 mg/L concentrations
of 3 um PEMPs exhibited significant growth inhibition [34,36]. However, in the present
experiment, the effect of monensin appears to be more pronounced than that of PEMPs,
as the all PEMP concentrations exhibit a growth trend similar to that observed in the
monensin-only experiment [30]. This outcome may have resulted from the relatively
low concentration range of PEMPs (0.25-6 mg/L) used in the current experiment, which
could change if higher concentrations are applied. Therefore, further studies are required,
incorporating additional PEMP-related variables such as different concentration ranges,
bead sizes, colors, and exposure periods, to enable a more precise interpretation.

Microplastics (MPs) can serve as vectors for contaminants in aquatic environments, fa-
cilitating the adsorption, transport, and transfer of various contaminants and chemical sub-
stances. Polystyrene MPs may serve as carriers of antibiotics, such as oxytetracycline [37].
The antibiotics sulfadiazine, amoxicillin, tetracycline, ciprofloxacin, and trimethoprim have
been reported absorbing into polyethylene-, polystyrene-, polypropylene-, polyvinyl chlo-
ride (PVC)-, and polyamide-based microplastics [38]. However, the ionization capacity and
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hydrophobicity of antibiotics determine the electrostatic attraction between the antibiotic
and the contaminant. The type and number of functional groups present in an antibiotic
influence its ionization coefficient in aqueous media. Additionally, the pH of the media
plays a critical role in the degree of ionization of antibiotics [10]. However, MS has a nega-
tive surface charge since many cations are able to form complexes with it [24]. Similarly,
the antibiotic sorption behavior of microplastics may be influenced by the physiological
and biochemical characteristics of aquatic biota present in the ecosystem, as well as their
capacity for antibiotic bioaccumulation [39]. Therefore, further studies are required to
explain the MS adsorption properties of polystyrene MPs when they are alone and under
the presence of M. aeruginosa.

Oxidative stress in cyanobacteria arises from an imbalance between the production of
ROS and the organism'’s capacity for detoxification [40]. However, the H,O, measurements
of M. aeruginosa have significantly decreased in the current experiment (Figure 7) with
the increasing MS concentration (250 and 500 pg/L), where the individual MS exposure
(<500 ng/L) did not show significant change in H;O, measurements for increasing MS [30].
The H,O, concentrations in the current experiment for the 250 and 500 pg/L MS treatments
were significantly lower compared to the corresponding controls of each PEMP treatment.
This could be attributed either to a reduction in oxidative stress in M. aeruginosa under the
combined effect of MS and PEMP, or to increased antioxidant activity that helps detoxify
H,0O; under the interactive effect of MS and PEMPs. However, the increased growth
response of M. aeruginosa may have resulted from reduced oxidative stress conditions
caused by enhanced antioxidant enzyme activities. According to the results of CAT activity
measurements (Figure 8), the increased CAT activity might have degraded the produced
H>0O5 under the interactive effect of MS and PEMPs. This outcome is further demonstrated
by the two-way ANOVA results of CAT activity measurements that displayed a statistically
significant interactive effect between MS and PEMP treatments. However, in the individual
MS experiment, MS concentrations < 500 ug/L did not result in any statistically significant
changes in oxidative stress or CAT activity compared to the control treatment [30]. Similarly,
a previous experiment result showed a significant change in CAT activity in M. aeruginosa
for different sizes of polystyrene MPs under low initial algal density [41]. Therefore, it can
be determined that a higher MS and PEMPs combined effect has a significant impact on
the oxidative stress or CAT activity measurements of M. aeruginosa. The reduction in HyO,
content may further contribute positively to the growth and proliferation of M. aeruginosa.

Chlorophyll ‘a” production showed a statistically significant decrease only on day 3
(Figure 6). Measurements on days 5 and 7 did not show any statistically significant changes
displaying MS, and PEMPs do not have an interactive effect on chlorophyll ‘a” production
of M aeruginosa. According to the results of this study, based on oxidative stress, OD739, and
cellular protein measurements, under optimal environmental conditions, environmentally
relevant concentrations of MS (<500 ng/L) were still capable of enhancing M. aeruginosa
growth, even in the presence of 3 um polyethylene microplastic particles (PEMPs) at
concentrations of 0.25, 1.25, and 6 mg/L. However, the experiment was conducted under
conditions favorable for M. aeruginosa growth. Therefore, M. aeruginosa stress responses
to MS and PEMPs may differ under the actual environmental conditions compared to
the findings of this study. An experiment conducted to evaluate the impact of initial cell
density on the growth of M. aeruginosa reported a significant relationship between the
initial and final cell densities, independent of the growth medium [42]. In the current
experiment, the concentrations of M. aeruginosa used were higher than those typically
recommended for laboratory-based toxicity or physiological assays. However, the aim was
to simulate conditions similar to natural cyanobacterial occurrences, where cell densities
can become relatively high in nutrient-enriched livestock wastewater ponds compared to
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large natural water bodies. Various growth phases of cyanobacteria, including M. aeruginosa,
show different growth rates and physiological responses under the influence of different
abiotic and biotic stressors [43]. These growth phases might alter the response levels of
cyanobacteria to environmental stressors. Thus, applying these findings to real-world
scenarios requires careful consideration of the mentioned variables.

Nevertheless, with the enhanced growth of M. aeruginosa under altered stress condi-
tions, the interactive effects of MS and PEMPs could potentially exacerbate the occurrence
of M. aeruginosa-dominated HABs in surface water bodies located near cattle farming areas.
Although MS is administered to improve feed conversion efficiency and enhance livestock
productivity, its excessive and indiscriminate use may inadvertently pose significant ecolog-
ical risks despite these intended benefits. Poor MS use, coupled with inadequate and unsafe
manure disposal practices, may contribute to unforeseen environmental consequences.
These stress responses of M. aeruginosa to MS and PEMPs may represent an underexplored
environmental impact resulting from the unregulated release of these compounds into
aquatic ecosystems.

4. Materials and Methods
4.1. Cyanobacteria Culture Conditions

Microcystis aeruginosa (strain NIES-111) cultures were procured from the National
Institute for Environmental Studies (NIES, Tsukuba, Japan) and cultivated in BG-11 media.
The cultures were maintained in an incubator (MIR554P], Panasonic, Osaka, Japan) at
20 £ 1 °C under a 12 h light:12 h dark photoperiod, regulated by an electronic timer.
The light intensity was set at 30 + 4 pmol-m~2-s~! photosynthetically active radiation
(PAR), measured using a light meter (Apogee MQ-200, Logan, UT, USA). The cultures were
manually agitated twice daily at predetermined intervals to ensure proper aeration.

4.2. Preparation of the Treatments

Monensin sodium salt (TLC 90-95%) was obtained from Sigma Aldrich (Tokyo, Japan).
MS was dissolved in 70% ethanol (2 mg dissolved in 1000 pL of 70% ethanol). The mixtures
were left undisturbed on a glass Petri dish for approximately 2-3 h to allow for the extensive
evaporation of ethanol. Later, the antibiotic was diluted using BG-11 media to make a
40 mg/L stock solution. Relevant amounts of MS were added to each treatment to acquire
the predetermined concentrations. Three pm-diameter polystyrene microplastics (PEMPs),
colorless polystyrene microspheres (1.05 g mL~! density, 2.6% in aqueous solution; catalog
number 17134-15, Polyscience, Warrington, PA, USA), were added into the treatments in
adequate amounts to make the relevant concentrations.

4.3. Experimental Setup

The initial ODy3¢ (absorption at 730 nm in spectrophotometer) of cell cultures for each
treatment was adjusted to 0.5061 (absorption units) by mixing the main cultures with BG-11
media. The 100 mL conical flasks were used to arrange the treatment flasks (Figure 10). MS
and PEMP treatments were introduced on the same day for each treatment, modulating
the ordinary set-up where the contaminants commonly enter into the water bodies along
with the nutrition source. MS concentrations were arranged in 0, 50, 250, and 500 nug/L
concentrations based on the previous experiment results [30]. PEMP concentrations were
arranged in 0.25, 1.25, and 6 mg/L followed by a factorial, completely randomized design
(CRD). Each treatment was arranged with two replicates and 1-3 measurements from each
replicate was taken. After arranging the treatments, flasks were covered with a perforated
transparent polyethene film. All experimental units were kept in the same incubator
(MIR554P], Panasonic, Osaka, Japan) at 20 &+ 1 °C temperature and lighting (12 h:12 h light
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dark cycle) 30 + 4 pmol.m 2 s ~! for seven days and samples were shaken two times per
day manually with constant intervals. ODy3y of each replicate was measured on day 3,
day 5, and day 7 and, simultaneously, cell samples were harvested into 1.5 mL centrifuge
tubes and pelleted through centrifuging at 12,000x g at 4 °C for 15 min (Tomy MX-105,
digital Biology, Tokyo, Japan) and kept preserved at (—80) °C.

Optical density Cellular protein

Experimental conditions

B Temperature of 20 + 1°C,

B Light intensity - PAR 30 + 4 pmol.m~2s !
(12 - hour light :12 - hour dark cycle )

Chlorophyll ‘a'

Parameters

Perforated,
transparent

polythene film Hydrogen o
peroxide | Oxidative stress

7 Days of treatment period medstrements

Catalase activity
(CAT)

Treatments;
4 Antioxidant
B Monensin enzyme activities -
Guaiacol
M. aeruginosa B 3 - Micron PEMPs | peroxidase

treatment flask activity (GPX)

Figure 10. Experimental conditions and parameters (PEMPs: polystyrene microplastics).

4.4. Optical Density Measurements (OD739)

ODy3p measurements of all replicates for each treatment combination were measured
on days 3, 5, and 7 using a spectrophotometer (Shimadzu UV Mini-1280, Tokyo, Japan) at
the 730 nm wavelength. Three readings were taken from each replicate and recorded. Before
sampling, the flasks were thoroughly shaken to ensure uniform dispersion of cyanobacterial
cells throughout the medium [44].

4.5. Chlorophyll ‘a” Measurement

Chlorophyll ‘a’ content was measured on days 3, 5, and 7 of the treatment period.
Samples, previously stored at —80 °C, were thawed for 15 min until reaching room temper-
ature (20-25 °C). Pigments were then extracted into 1 mL of 95% (v/v) ethanol. The tubes
were manually shaken and vortexed for 10 s to ensure complete mixing of the cells with
the ethanol. The samples were incubated in a water bath at 60 °C for 10 min. After incu-
bation, the samples were centrifuged at 4000x g for 10 min at 4 °C. The supernatant was
carefully pipetted, and absorbance was measured at three wavelengths (750 nm, 665 nm,
and 649 nm) using a Shimadzu UV Mini-1280 spectrophotometer. Absorbance values for
ethanol at the shorter wavelengths were corrected by adding or subtracting values to
account for auto-zero errors. All measurements were performed under low-light conditions
to minimize photodegradation of the extracted chlorophyll. Chlorophyll ‘a” concentrations
were calculated using Equation (1). To minimize errors due to turbidity or light scattering,
the absorbance at 750 nm was subtracted from each absorbance measurement [45,46].

Chlorophyll ‘a” (ug/mL) = 13.95A465 — 6.88A¢49 1)

4.6. Cellular Protein Content

Protein content was assessed on days 3, 5, and 7 of the treatment period using a
modified Bradford assay [47]. To remove chlorophyll, cell samples were washed with
ethanol. The samples were mixed with 750 pL of 95% ethanol and vortexed for 10 s to
ensure complete pigment extraction. After that, they were centrifuged at 4000 x g for 10 min
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at 4 °C. After carefully discarding the supernatant, the samples were incubated at 25 °C
for 24 h in an oven to allow ethanol evaporation. This step was essential to minimize
chlorophyll interference and ensure accuracy in colorimetric measurements. To measure
cellular protein, each sample was mixed with 0.5 mL of 0.5 M NaOH and incubated in a
water bath at 70 °C for 10 min. The samples were then centrifuged at 7000 x g for 10 min
at 4 °C. Protein absorbance was measured spectrophotometrically at a wavelength of
595 nm (Shimadzu UV Mini-1280, Tokyo, Japan) after a precise 10 min incubation with
the formulated Bradford protein assay reagent (Fujifilm Wako Chemicals, Osaka, Japan).
Protein concentrations were quantified using a pre-estimated standard curve.

4.7. Hydrogen Peroxide Measurement

The objective of measuring HyO, content was to assess oxidative stress levels in
cyanobacteria. HyO, estimation was conducted on cell samples treated for seven days.
Preserved cell pellets were thawed at room temperature (20-25 °C) for 15 min before being
homogenized in 1 mL of 0.1 M phosphate buffer. The homogenized samples were then
centrifuged at 10,000 g for 10 min at 4 °C. To prepare the reaction mixture for each sample,
the supernatant was mixed with 0.1 M Ti (SO4); in 20% (v/v) HySO4 at a 1:3 ratio. The
absorbance of each sample was measured at 410 nm using a spectrophotometer (Shimadzu
UV Mini-1280, Tokyo, Japan), and H,O; concentrations were determined based on a
pre-prepared standard curve for known concentrations [48].

4.8. Antioxidant Activity Measurements

Antioxidant measurements for catalase activity (CAT) and guaiacol peroxidase ac-
tivity (GPX) were carried out for cell samples harvested at day 7. The enzymes were
extracted from preserved cell pellets into 1 mL of extraction solution prepared with
6.057 mg/mL, 0.37 mg/mL, 0.177 mg/mL 0.155 mg/mL, 0.308 mg/mL, 2.171 mg/mL
of tris, 2Na(EDTA.2Na), Ascorbic acid, Dithiothreitol, Glutathione (reduced form), and
MgCl,.6H;O, respectively, and 45 uL/mL of 1 M HCIl. The mixture was centrifuged at
12,000 g for 20 min at 4 °C. The reaction solution was prepared using 5.606 mg/mL Tris,
0.37 mg/mL EDTA-2Na, and 45 uL./mL of 1 M HCI. The testing mixture was then prepared
by combining the reaction solution, 750 mM H,O; solution, and enzyme samples in a
23:1:1 ratio. Absorbance measurements were taken at 240 nm wavelength for 3 min, with
continuous readings recorded at 10 s intervals using a spectrophotometer. All measure-
ments were performed under controlled conditions at 25 °C. H,O, decomposition rate
was calculated from the decreasing rate of absorbance, considering the molar extinction
coefficient of H,O, as 43.6 M 1cm~1. CAT activity was represented as micromoles of
hydrogen peroxide consumed per minute per unit weight (ug) of cellular protein in the
sample (umol/min/ pg) [49].

For GPX activity measurements, the enzymes were extracted from preserved cell
pellets using the extraction solution (CAT method). The mixture was then centrifuged at
12,000x g rpm for 20 min at 4 °C. The reaction solution was prepared using Tris, EDTA-2Na,
HCI, H,0O,, and 2.22% guaiacol in ethanol. The testing mixture was formulated by combin-
ing the reaction solution and sample solution in a 24:1 ratio. Absorbance measurements
were recorded at 470 nm using a spectrophotometer, with continuous readings taken at
10 s intervals for 3 min. GPX activity was represented as the rate of the formation of tetra-
guaiacol per minute per unit weight of cell protein sample (umol/min/ug), considering
the molar extinction coefficient for tetra-guaiacol at 470 nm as 26.6 mM~lem~1 [50].

4.9. Statistical Analysis

The experiment was designed using a factorial, completely randomized design (CRD)
model, ensuring equal conditions across all treatments. The interactive effects of the two
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treatments were analyzed using a two-way ANOVA, with statistical significance set at
(p < 0.05) and (p < 0.01). Additionally, a grouped one-way ANOVA with post-hoc Tukey
HSD (Honestly Significant Difference) analysis was performed. All data were initially
recorded manually and later transferred to Microsoft Excel (version 16.0, 2016). Descriptive
statistical analyses were conducted using Microsoft Excel, while all other statistical analyses
were performed using IBM SPSS (version 25, IBM Corp., Armonk, NY, USA).

5. Conclusions

The present study investigated the interactive effects of monensin (MS) and 3 um
polystyrene microplastics (PEMPs) on the growth and stress-related physiological responses
of Microcystis aeruginosa. Oxidative stress measurements showed a statistically significant
decrease with increasing MS concentrations (>50 pg/L) under PEMP treatment, while
catalase (CAT) activity increased significantly. The findings highlighted that the interactive
effects of MS and PEMPs at environmentally relevant concentrations have the potential
to alter oxidative stress and antioxidant enzyme activities in M. aeruginosa, resulting in
increased growth of the organism. The stress responses of M. aeruginosa under the co-
existence of MS and PEMPs may lead to harmful outcomes in aquatic environments by
promoting its growth. Therefore, it is important to expand this study by incorporating
additional variables related to PEMPs.
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CAT Catalase activity

GPX Guaiacol peroxidase activity
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GHG  Greenhouse gas
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PAR Photosynthetically active radiation
OD73y  Optical density

ROS Reactive oxygen species
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