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Highlights:

Potential effects of microplastics (in 6 micron size) were investigated on the survival, growth and
reproduction of the Daphnia magna during 21 days of laboratory experiments.

e  Microplastics MPs were ingested alone or along with either microalgae Chlorella vulgaris (Cv) or
baker’s yeast (By)

e  Microplastics decreased survival, growth and reproduction of Daphnia

e  High concentrations of microplastics adversely affect Daphnia magna populations

Abstract: Microplastic pollution is a problem not only in the marine environment but also in freshwa-
ter ecosystems. Water flea (Daphnia magna) is one of the most common omnivorous cladocerans in
freshwater ecosystems. In this study, the potential effects of microplastics (fluorescent polystyrene
beads with dimensions of 6 microns) on the survival, growth and reproduction of Daphnia magna
were examined during 21 days of laboratory experiments. Microplastics (MPs) were observed to
be ingested alone or along with either the microalgae Chlorella vulgaris (Cv) or baker’s yeast (By).
D. magna fed exclusively with microplastics showed a drastic decline in survival similar to that in
the starving group. The least growth in total length or width was observed in Daphnia specimens
fed only MPs and the starved groups. Daphia fed with a mixture of MPs/Cv or MPs/By produced
a significantly (p < 0.05) lower number of ephippia. Our results show that high concentrations of
microplastics adversely affect Daphnia magna populations.
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1. Introduction

With the ever-increasing usage of plastics, particularly since the 1950s, we are now in
the plastic age. Globally, plastic production has increased linearly over the last 10 years,
reaching 368 million tons in 2019 [1]. Primary microplastics are defined as plastics produced
with a microscopic size [2]. Secondary microplastics are small plastic particles produced
during the degradation of larger plastics [3]. Polyethylene plastic is the most abundant
source of plastics in the world [4]. Microplastics (MPs) consist of a variety of plastics,
polyethylene and polystyrene being the most common types found in environmental
samples [5,6]. The main sources of microplastics are wastewater and landfill leachate [7]
through wastewater effluent and rivers [8].

Although the majority of early investigations into microplastic pollution focused
on the prevalence and harmful effects on marine species, microplastics have lately been
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documented in freshwater environments, with toxicity issues involving invertebrates and
fish [9-14]. Microplastics have been reported to interact with aquatic organisms via feeding,
cutaneous uptake and respiration [4,15-17].

A number of studies have shown that microplastics can be efficiently ingested by
at least 160 marine [18] and 39 freshwater species [19], including invertebrates such as
cladocerans [20], rotifers [21] and molluscs [22]. The exposure to MPs and the resulting
consequences in zooplanktonic filter-feeder species, which absorb MPs indiscriminately
during their regular swimming and feeding activities, are of special concern [23]. Several
studies have shown that the presence of microplastics (MPs) in the digestive tracts of
several zooplanktonic species may have negative consequences. Microplastics can be
a subtrate for the proliferation of microalgae on their surface and this lead to Daphnia
finding sufficient food. Consequently, reproduction and survival may not be affected by
these MPs [20]. The toxicity of MPs on D. magna was also linearly correlated with the
light intensity and temperature elevation in their habitat [24]. Long-term studies with a
combination of algae and different sizes of MPs showed the harmful effects on the survival
of D.magna populations [25].

The diverse cladoceran Daphnia magna (Straus, 1820) is a major zooplankton species
utilized in environmental toxicology studies [26]. Its ecological importance in freshwater is
linked to the transmission of energy to higher trophic levels and filtration of phytoplankton,
bacteria and natural particles [27]. Because of its tiny size (less than 5 mm) and brief life
cycle (usually less than two months), Daphnia magna has been used as an indicator species
since the 1940s [28].

Studies on Daphnia magna have shown that the ingestion of microplastics are influenced
by the particles’ type, size and shape [2,29]. Furthermore, it has been observed that when
daphnids ingest large concentrations of polyethylene (PE) microbeads 1 and 100 pm in
size, their immobilization rates increased in a dosage- and time-dependent manner [30].
In microplastic studies, the life cycle of D. magna (egg; offspring for less than 24 h of life;
juvenile; adult after the first spawning) is often assessed using traditional endpoints such
as survival and number of offspring [31].

To the best of our knowledge, the effect of a combination of small microplastic particles
with common diets (microalgae and baker’s yeast) in D.magna are scarce. Therefore, the
aim of this study was to establish the impact of microplastics on the survival, growth and
reproduction of the water flea D. magna when offered alone or with either the green algae
Chlorella vulgaris or baker’s yeast.

2. Materials and Methods
2.1. Daphnia Magna Culture

Stock cultures of Daphnia magna were isolated from Omerli Lake, Turkey. The culture
water was filtered through 0.22 um membrane filters with tap water. Stock cultures were
maintained at 20 °C at a 16L:8D photoperiod in 20 L polyethylene buckets. The culture
water weas renewed daily with fresh suspended feed. Daphnia magna were fed daily
with Cv at a density of 1 x 10° cells/mL. Experiments were conducted using third-clutch
neonates which were a maximum of 12 h old.

2.2. Microalgae Culture and Stock Concentrations of Microplastics

Microalgae (Chlorella vulgaris, strain number: 211/109) were provided by the CCAP
(Culture Collection of Algae and Protozoa, Scotland, UK). The freshwater microalgae
Chlorella vulgaris was cultured in 3N-BBM + V medium (NaNOj3 + CaCl, . H,O + MgS0,4.7H,O
+ Ko HPO4.3H,O + KH,PO,4 + NaCl + trace minerals + Vitamin Bl and Vitamin B12). In
order to calculate growth numbers, the microalgae were counted daily using a Neubauer
hemocytometer. Thermo Scientific fluorescent polystyrene microplastic particles (6 micron
size) were used for the microplastic experiments. The stock microplastic solution contained
2.5 million beads/mL.
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2.3. Experimental Diets

The experimental groups, in addition to the starving group (i.e., 6 groups in total),
were as follows: (1) microplastics only diet (2) Cv only (3) By only (4) Cv + MPs and (5) By
+ MPs. Each group was tested in triplicate in 500 mL beakers containing 100 adult D. magna.
individuals. The experimental food concentrations were as follows: Group 1 (microplastics
only) was fed with 6 mL of microplastics from the stock solution, Group 2 (Cv) was fed at a
concentration of 2 x 10° cells/mL/day, Group 3 (baker’s yeast, Pakmaya®, Ankara, Turkey)
was fed 3 g/L every 2 days, Group 4 (Cv and MPs) was fed with 2 x 10° cells/mL/day
+ 3 mL of microplastics from the stock solution, and Group 5 (By and MPs) was fed with
3 g/L every 2 days By and 3 mL of microplastics from main MP stocks. The experimental
period was 21 days.

2.4. Observation of Microplastic Ingestion

To verify that Daphnia ingested the microplastics offered, five specimens (n = 5) were
randomly sampled from the beaker containing microplastics only on experimental Day 2.
Each specimen was individually examined on a microscope slide, where organic substances
were removed by adding a few drops of hydrogen peroxide. In order to estimate the
rate of microplastic consumption, the number of microplastic beads consumed by each
Daphnia magna was counted under the microscope (Leica DM-1000, Danaher Cooperation,
Germany) with a computer attachment on Days 7 and 21.

2.5. Survival, Growth and Reproductive Performance of Daphnia magna

Survival was determined by counting dead Daphnia individuals every day. Measure-
ments for determining the growth performance, total length, body length and width of
Daphnia magna were carried out every 7 days during the experimental period (21 days in
total). For these measurements, randomly sampled individuals (n = 5) from each beaker
were placed on glass slides for microscopic examination. Reproductive performance was
determined by counting the numbers of females, eggs and ephippia numbers from each
individual for each replicate every 3 days between Day 12 and Day 21 of culture.

2.6. Statistical Analysis

All data were statistically evaluated using SPSS Statistical Software System 15.0 (SPSS,
www.spss.com). The significant level for all analysis was 5%, and the results are given
as the mean and standard deviation values. All variables were additionally checked for
normality and homogeneity of variance using Levene’s test. To compare the means, the
group data were statistically tested using one-way ANOVA. Where the variances were not
homogeneous, a non-parametric Kruskal-Wallis test was applied.

3. Results
3.1. Ingestion of Microplastics and Microalgae

Micrographs revealed that all diets (i.e., green microalgae, By, MPs and their combina-
tions) were accepted by Daphnia magna individuals. Thus, microplastics were observed to
be ingested either alone or with microalgae Cv or By (Figures 1 and 2).

It was striking that after only 7 days from the start of the experiment, Daphnia speci-
mens in the microplastics only group had consumed a significant number of beads (approx.
500 beads/ind., Figure 3). Daphnia fed on By + MPs showed significantly higher instante-
nous microplastic ingestion on Days 7 and 21 of the experiment compared with the MP
only or Cv + MP groups (p < 0.05) (Figure 3).
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Figure 1. Images of Daphnia magna individuals on Day 14 of the feeding experiment: (a) Daphnia fed

on Cv; (b) Daphnia fed on MPs + Cv; (c) Daphnia fed on By; (d) Daphnia fed on MPs + By; (e) Daphnia
fed on MPs only; (f) starved Daphnia.

Figure 2. Images of (a) Daphnia magna individuals fed MPs exclusively, (b) Daphnia magna individuals
fed Cv + MPs and (c) Daphnia fed By, all taken on Day 21 of the experiment. Arrows show ingested
microplastic particles in the gut of Daphnia specimens.
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Figure 3. Average ingested microplastics, microalgae and baker’s yeast particles (number/ind.) in
the gut of Daphnia magna on Days 7 and 21 (n = 10, vertical error bars show the standard deviations,
different superscript letters show significant differences, p < 0.05).

3.2. Survival of Daphnia magna

Daphnia individuals fed only on MPs and the starved groups displayed drastic declines
in their final survival rates (Figure 4). Daphnia fed on MPs and By showed higher survival
rates (94%) until the end of the experiment. The Cv diets also induced high survival (88%)
in Daphnia. The survival rate of Daphnia fed solely on baker’s yeast continued positively
up to Day 19, after which, total mortality occurred in this group (Figure 4).
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Figure 4. Survival percentage of Daphnia magna.

3.3. Effects of Microplastics on the Growth and Reproduction (Total Length and Width, Female
Numbers, Egg and Ephippia Numbers, and Dry Weight)

The least growth in terms of total length was obtained for the groups fed only MPs and
for starved individuals on Day 7 (p < 0.05; Figure 5). Daphnia fed solely on Cv microalgae
or on By produced similar results in terms of growth in length and width, and were
significantly higher than those of other groups on Day 7 (p < 0.05). A similar positive effect
of baker’s yeast on total length was detected on Day 14 of the culture (p < 0.05). The total
length of Daphnia fed on By, Cv and on By + MPs showed similar results; their average
lengths were significantly higher than those of the starved or MPs only groups (p < 0.05)
(Figure 5). There was no significant difference among the treatments on Day 21 when the
starved and MP-fed Daphnia specimens died.
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Figure 5. Average total length of Daphnia magna fed different diets during the 21-day experiment (ST;
starved, Cv; Chlorella vulgaris, MPs; microplastics, Cv + MPs; Chlorella vulgaris + microplastics, By;
baker’s yeast, By + MPs; baker’s yeast + microplastics). Low-case letters (a, b, bc, ¢, c¢d, d) denote
significant variable differences among means of different treatments from Duncan’s Multiple Range
test, p < 0.05.

Similar to the results for total length, the body length measurements of Daphnia also
displayed positive trends in the groups fed on By, Cv and on Cv + MPs on Day 7. Daphnia
fed with Cv, baker’s yeast (By) and Cv + MPs exhibited similar body lengths, significantly
higher than the body lengths of starved individuals (ST) and Daphnia fed exclusively with
MPs or a mixture of By + MPs on Day 7 (p < 0.05) (Figure 6). However, on Day 14, the
lowest body length measurements were obtained for both the ST and MP groups. There
was no significant difference on Day 21 of culture among the groups.
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Figure 6. Average body lengths of Daphnia magna fed different diet combinations during the experi-
ment. Low-case letters (a, ab, bc, ¢,) denote significant variable differences among means of different
treatments from Duncan’s Multiple Range test, p < 0.05.
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The average widths of Daphnia fed on By and Cv were found to be similar but were
greater than width measurements of the other groups on Day 7. Interestingly, on Day 14,
the widths of Daphnia fed on Cv + MPs were the second highest, following the group fed
on By (p < 0.05) (Figure 7).
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Figure 7. Average widths of Daphnia magna fed different diet combinations during the 21-day
experiment. Low-case letters (a, b, bc, cd, d) denote significant variable differences among means of
different treatments from Duncan’s Multiple Range test, (p < 0.05).

Daphnia fed on baker’s yeast produced significantly higher numbers of ephippia on
Days 12 and 18. However, on Day 15 of the experiment, the Cv-fed groups displayed
higher ephippia numbers (p < 0.05) (Figure 8A). Starving individuals or those fed with
MPs only produced no ephippia. Daphnia fed a mixture of MPs/Cv or MPs/By produced
significantly (p < 0.05) lower numbers of ephippia.

During the entire experimental period, daphnid production was not observed (p < 0.05)
in the diet groups ST, MPs or By + MPs but was highest for the individuals fed solely on
Chlorella vulgaris. Interestingly, daphnid numbers were significantly higher in the Cv + MPs
group during the final phase of the experiment (p < 0.05) (Figure 8B). Egg production by
females was significantly high in Daphnia fed on baker’s yeast during the entire experiment
(Figure 8C). The combination of Cv and microplastics (Cv + MPs) also resulted in high egg
production on Days 18 and 21 of the experiment (p < 0.05) (Figure 8C). Ephippia-carrying
female numbers also increased in the By and Cv + MPs groups, and a lower number of
ephippia was observed on Day 12 (p < 0.05) (Figure 8D).
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Figure 8. Growth parameters of Daphnia fed different diet combinations with MPs: (A) number
of ephippia, (B) daphnia numbers, (C) egg-carrying females and (D) ephippia-carrying females
(* indicates a significant appearance of a group that existed on that experimental day). Low-case
letters (a, b, ¢, d) denote significant variable differences among means of different treatments from
Duncan’s Multiple Range test, p < 0.05.

4. Discussion

Microplastics are widely distributed in marine and freshwater environments in differ-
ent concentrations, colors, shapes and sizes. The concentration of MPs (smaller than 10 pm)
in drinking water is assumed to be between 1.5 and 35 particles/L [32,33]. According to
Chen et al. (2020), this concentration is expected to increase by 83-150-fold by 2060 [34].

Daphnia belong to the herbivorous zooplankton that feed through filtering a variety
of particles suspended in the water column [35]. Therefore, this species is generally unable
to distinguish MPs from natural food items when offered together [34]. Canniff and Hoang
(2018) showed the effects of larger plastic microbeads (63-75 pm) on D. magna’s survival and
reproductive performance. In marine and freshwater environments, plastics tend to become
smaller as time passes. In our laboratory study, we used smaller (6 pm) polystyrene MPs in
order to see the effect on D. magna’s growth and reproduction. For that purpose, Daphnia
fed a diet of By and MPs had a greater accumulation of MPs in their body compared with
individuals fed Cv + MP diets. Rehse et al. (2016) showed that the ingestion of 1 pm PE
particles in Daphnia magna resulted in the immobilization of animals, in a correlation with
the time and dose. Similarly, 6 pm PE microplastics size ingested at a higher rate with a
combination of diets in our study. This could be related to their similarity to yeast particles
in terms of size and color. In another study, An et al. (2021) also mentioned that the size
of MPs is strongly correlated to their accumulation in the body [36]. A greater amount of
small MP fragments (17.23 um) accumulated compared with MP beads (39.50 pm) and
large MPs (34.43 um). Our MP beads were 6 um in size, which is somewhat smaller than
those mentioned in other studies. The food particle preferences of D. magna are mostly
related to the size of their natural diet (1-30 um) and, as a result, as MPs become smaller,
the ingestion rate could increase whether the materials are beads or fragments. The number
of ingested beads is also related to the exposure time of particle concentrations.
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High concentrations of polystyrene MPs were reported to decrease the survival of
both Daphnia magna [37,38] and Daphnia pulex populations [39]. Moreover, Liu et al. (2019)
concluded that the expression of stress defense genes in D. pulex was negatively affected by
the utilization of MPs. On the other hand, Aljaibachi and Callagahan (2018) reported no
negative effects of MPs on the Daphnia population when a plentiful supply of microalgae
was available, stating that this species avoided consuming polystyrene MPs [40]. In fact, in
another study, survival was higher when algae were presented together with polystyrene
microplastics [5]. Similarly, in our study, groups fed the algae + polystyrene MPs and
baker’s yeast + polystyrene MPs combinations had improved survival until 18 days of
culture in our study. After that period, a sudden decline was recorded that might be related
to insufficient nutrients for further stages of the life cycle. Zhang et al. (2019) also mentioned
the impact of polystyrene plastics on D. magna and reported that 48 h of exposure to 1 um
and 10 um microplastics led to higher mortality and increased immobilization rates in
Daphnia individuals [41]. In our study, the size of the polystyrene particles was 6 pym and
Daphnia’s survival was also negatively affected in individuals fed solely on MPs, and after
15 days of culture, the entire population collapsed. Besides the plastic type, the age of
Daphnia affects the mortality rate and immobilization responses after exposure to both
fasting and different feeding conditions. Starving individuals are much weaker to resist
physical stress conditions. Survival was found to be negatively affected by the ingestion of
MP fragments [42]. These results were attributed to the longer retention times of irregular
MPs fragments in the digestive tracts. Fragmented polyethylene microplastics (17.23 and
34.43 um) were ingested efficiently compared with commercial microplastic beads, and
survival (20-60%) was affected by the utilization of fragmented MPs compared with MP
beads (90%) in Daphnia individuals [36]. In other short-term feeding trials, Daphnia
exhibited high mortality rates related to elevated exposure concentrations. However,
Daphnia individuals pre-fed with microalgae displayed similar mortality among groups [2].
Daphnia exposed to irregularly shaped microplastics displayed no increased mortality
or malformations in adults and juveniles [43]. These results were also attributed to the
different types, sizes, shapes and ages of MPs. It is also assumed that multiple stress factors
play important roles in microplastic contamination in the natural environment [43].

In our study, the number of egg-carrying female Daphnia individuals was relatively
high for the By diet group at the end of the experiment. This could be related to baker’s
yeast being rich in Vitamin B12, thus increasing zooplankton production. Interestingly, the
number of ephippia-carrying females was found to be higher in the group fed on Cv + MPs
at the end of the experiment. However, feeding solely on MPs resulted in a continuous
negative effect on the Daphnia population. This result is supported by Aljaibachi and
Callagahan’s (2018) findings that if there is additional natural food available, mainly algae,
the Daphnia population will not be significantly affected by MPs in the environment [5,40].
In our trial, the number of ephippia-carrying females was high for the Cv + MP groups
at the end of the experiment. This might be related to the negative effects of MPs on the
reproductive capability of daphnids due to physiological stress. De Felice et al. (2019)
concluded that body length and reproductive performance in D. magna were not negatively
affected by 1-10 pum polystyrene MPs [44]. Additionally, exposure of D. magna to two
concentrations of polystyrene MPs (0.05 pg/mL and 0.5 pg/mL) resulted in an increasing
level of energy contents on Day 21 [45]. This result can be attributed to the high stress
level of D. magna and also to secondary production such as growth and reproduction. In
agreement with this finding, in our study, 6 um polystyrene MPs did not negatively affect
either the body length or the total length of Daphnia due to simultaneous exposure to
food such as By and Cv. This result could be due to the ability of Daphnia individuals to
metabolize sufficient energy from their diets even when MPs were present. On the other
hand, our results for body length were lower than those of De Felice et al. (2019) obtained
after 21 days of the experiment. In our study, Daphnia’s growth stopped after 14 days of
culture, which might be related to stress conditions or not enough energy gain from diets
with a combination of MPs [44].
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In conclusion, our results shows that the presence of polystyrene MPs could lead to
more ephippia numbers in females when foods such as the microalgae Chlorella vulgaris
were available in this trial. In freshwater ecosystems, Daphnia individuals can ingest 6 mi-
cron MPs and survive without negative effects on their basal metabolism. This means this
microplastics can be transferred via the food chain to higher invertebrates. Different types
of MP have been studied in various zooplankton such as Artemia, Rotifer and Daphnia.
MPs have negative effects on the growth of Artemia by changing the gut microbiota, and
this led to slow growth [46]. Further studies are needed to understand effect of MPs on
stress-related genes, the gut microbiota and nutrient metabolism.
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