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Abstract: The effect of nanoplastics (NPs) has been shown to interact with the effect of pollutants,
including antibiotics. However, little is known about studies performed on freshwater organisms.
In this study, we aimed to test the hypothesis that both NPs and antibiotics affect the life history
traits of freshwater planktonic Daphnia magna, a model organism in ecotoxicological research, as
well as the metabolic and taxonomic fingerprint of their gut microbiota, and whether there is an
interaction in the effect of both stressors. To assess this, we experimented with the effect of different
spherical polystyrene nanoplastic concentrations and antibiotic enrofloxacin measured through (i) the
Daphnia body size and their selected reproductive parameters (the clutch size, egg volume, and total
reproductive investment), (ii) the metabolomic diversity of gut microbiota (the respiration rate and
the relative use of different carbon sources), and (iii) the microbial taxonomic diversity in the Daphnia
intestine. Our results supported the hypothesis as each of the stressors on its own significantly
influenced most of the measured parameters, and because there was a significant interaction in the
effect of both stressors on all of the measured parameters. Therefore, the results suggest an interactive
negative effect of the stressors and a possible link between the observed effects at the different levels
of a biological organisation.

Keywords: antibiotics; enrofloxacin; nanoplastics; polystyrene; stressors; Daphnia magna; gut microbiota;
life history; Trojan horse effect

1. Introduction

Plastics comprise a wide range of synthetic or semi-synthetic organic compounds,
usually polymers with a high molecular mass [1]. For many decades, their production
and use has continued to increase worldwide, and many studies reported their increasing
presence in natural environments [2–4]. Discarded plastic wastes can directly or indirectly
enter the environment, and degrade due to solar radiation, mechanical forces, and the
biological activity of organisms to smaller-sized pieces, including micro- (MPs, particles
smaller than 5 mm) and nanoplastics (NPs, particles smaller than 1 µm, e.g., [5]; or smaller
than 0.1 µm, [6]). In addition, primary nanoparticles originating from engineered materials
(e.g., personal health care products) can be found. Among the MPs and NPs found in
marine and freshwater environments, polystyrene (PS) is one of the most common types [7].
NPs pollution is an issue of special concern because of its unique features that include:
(i) their colloidal properties, (ii) their tendency to aggregate, (iii) their high surface area to
the volume ratio, resulting in a high ability to absorb and release chemicals, and (iv) the
ability to penetrate cell membranes [8]. Because of their small size, adequate quantitative
analytical techniques are not currently available to assess the NP concentrations in the
environment [9]. While MPs’ presence in marine and freshwater systems has been studied
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for several years, NPs have been detected in the North Atlantic Gyre only recently [10]. It is
assumed that NP concentrations are even 1014 times higher than those currently measured
for MPs [6].

Several studies have indicated that many organisms ingest NPs or absorb them on
their surfaces, e.g., in [11–13], and that because of their small sizes and colloidal properties,
they may cross biological barriers [14,15], negatively affecting the organisms. The negative
effects depend on the particle type, size, density, charge, and origin (primary or secondary),
and this may be related to mechanical (e.g., adhering to external surfaces hindering the
mobility) and chemical effects [8]. In addition, chemical harmfulness results from the
presence of additives that have the potential to leach into the environment, causing damage
to organisms. Among the most common additives are plasticisers, which may affect life
history and morphology in Daphnia magna [16], flame retardants that may cause induced
significant sublethal chronic toxicity to D. magna [17], antioxidants that may reduce the
hatching rates, increase the malformation rates and decrease the length of calcified verte-
brae [18], and UV stabilisers that recently have been revealed to cause potential immune
dysfunction [19]. Moreover, chemical harmfulness may be due to the particles that can
act as a carrier for other co-occurring pollutants, resulting in organisms’ accumulation of
harmful hydrophobic substances from the surrounding water [13,15].

The ability of NPs, due to their high surface area to volume ratio, to adsorb, concen-
trate, and act as a vector of toxic pollutants can modify the environmental impact of the
latter. In fact, it has been revealed that most of the combined toxic effects are not simply
additive, but rather synergistic or antagonistic [20]. On the other hand, NPs may decrease
the toxicity of other pollutants by absorbing and then agglomerating them to form larger
particles, reducing the ease of uptake by organisms [21–23]. Additionally, their presence
may cause an enhancement of toxicity occurring from the on-surface pre-concentration
(“The Trojan horse effect”) [22,24]. Although many ecotoxicological studies suggest that re-
alistic environmental concentrations of micro- and nanoplastics may not induce significant
detrimental effects on marine organisms nor threaten their survival [13,25], the co-exposure
to NPs and other associated contaminants/stressors could exacerbate their effects [26–28].

A significant group of such pollutants are antibiotics, which are detectable in sur-
face waters, including rivers, lakes, and seas [13], in the ng L−1 up to µg L−1 range,
exceeding sometimes the predicted no-effect environmental concentration [29]. Their ex-
tensive and irregular use has induced multifaceted adverse impacts in recent years, such as
the propagation of multi-drug-resistant bacteria, antibiotic-resistant bacteria (ARB), and
antibiotic-resistant genes (ARGs) in the aquatic environment [30,31]. Their antibacterial
impacts are not strain-specific; thus, while the pathogenic bacteria are killed, some bacteria
which are beneficial for organisms’ health are also targeted, which may cause several
adverse effects, such as an intestinal flora imbalance [32,33]. In addition, different classes
of antibiotics have been shown to be toxic to organisms at different trophic levels, such as
algae, bacteria, crustaceans, and fish [34,35].

Among the most widely used antibiotics are fluoroquinolones (FQs), which are broad-
spectrum synthetic antibiotics commonly used in human and veterinary medicine [36,37]
and in agriculture and aquaculture [38]. Among FQs, enrofloxacin is used to prevent and
treat a broad spectrum of gram-positive and -negative bacterial infections in livestock.
Due to the spread of antibiotic resistance [39], it is listed among the compounds that can
be considered to be of a high ecotoxicological concern [40]. It is usually detected in the
effluents of municipal sewage plants and the related aquatic environments in the range of
ng and µg L−1 [41,42] or even in extreme cases in mg L−1 [43]. Other examples concern
their concentrations in surface waters (up to 248 ng L−1 [44]), in groundwater [45], and up
to 7.7 mg kg−1 in sediments [46].

Some published studies have investigated the combined effect of NPs and antibiotics
on cyanobacteria [47], algae [48], bivalvia [49], and fish [23,24,50,51]. However, there are
no reviews yet on other aquatic organisms, including planktonic animals such as D. magna,
a keystone species in the food webs of fishless ponds. The combined effect of the stressors
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may be different for different organisms. It is important to build experimental datasets using
a range of different organisms to quantify and predict the factors and mechanisms responsible
for the pattern under different contexts. The endpoint of many published studies has focused
mainly on the effect at the molecular level: the integrated biomarkers response, antioxidant
indexes, gene expression, and histological symptoms [24,52] rather than at the organismal
level, e.g., as the combined effect on the life history traits and gut microbiota.

The present work aimed to test several hypotheses concerning the single and combined
effects of polystyrene NPs and enrofloxacin on the selected life history traits of D. magna as
well as the metabolic and taxonomic diversity of the bacterial community in their intestinal
tracts. First, the presence of each of the stressors results in decreasing Daphnia’s body size
and reproductive parameters. The effect of enrofloxacin differs in the presence and absence of
NPs. Second, as the NPs presence increases, the enrofloxacin presence decreases the metabolic
rate of the gut microbiota of Daphnia. Third, the metabolic fingerprint measured as the relative
use of various carbon sources is different in the presence of each of the stressors on its own and
combined. Finally, those stressors affect Daphnia’s taxonomic diversity in the gut microbiota.
On the whole, there is an interaction in the effect of both stressors.

2. Materials and Methods
2.1. Experimental Animals

Three replicates of the experiments were performed. In order to assess the species—
rather than the clone-specific effects—each replicate was performed using a different clone
of D. magna (MB, MN, and MD of body size at first reproduction 1.86± 0.22, 1.82± 0.13, and
1.83 ± 0.31 mm, respectively) [53]. Clone MB was sampled from Lake Binnen (54◦19′29′′ N;
10◦37′39′′ E, Germany), clone MN from the Nový Rybnik pond (50◦13′27.8′′ N; 14◦4′3.1′′ E,
Czech Republic), and clone MD from the Domin pond (49◦00′21.3′′ N; 14◦26′29.1′′ E, Czech
Republic). Daphnia was cultured in 5 L containers, with 25 individuals per container, at
room temperature and with a natural photoperiod. The daily food supply was added ad
libitum in the amount of 1.6 mg C× L−1 of unicellular green algae, Chlamydomonas klinobasis
(strain SAG 56) from a stationary phase, a chemostat culture grown in a WC medium [54].
The algal concentration was assessed using a portable fluorometer (AquaFluor handheld
fluorometer, Turner Designs®, San Jose, CA, USA).

2.2. Chemicals

Polystyrene (PS) NPs were synthesised in IPREM, Institut des Sciences Analytiques
et de Physico-Chimie pour l’Environnement et les Matériaux, Pau, France, avoiding any
additives, especially surfactants, bactericides (e.g., sodium azide), and the trace metals
usually present in commercial standards [55,56]. The synthesis and characteristics of soap-
free polystyrene models have been detailed elsewhere, e.g., in [55]. Spherical PS NPs were
used (diameter of 420± 20 nm determined by scanning electron microscopy) with a surface
functionalized by carboxylic groups, a low polydispersity (PDI of 0.009), and the zeta
potential of −46 mV at a pH value of 7.

Enrofloxacin powder (purity ≥ 98%) was acquired from Sigma-Aldrich (St. Louis,
MO, USA). The stock solution was prepared daily to get 100 µg ml−1 by dissolving the
weighted amount in milliQ water in an ultrasonic bath. The stock solution of enrofloxacin
was prepared without using organic solvents or buffer solutions to avoid changing the
water parameters.

2.3. Experimental System

The system was installed in a room with a constant photoperiod (16 light:8 dark)
and comprised of 12 glass containers (L = 25 cm, W = 25 cm, H = 40 cm, large enough
to minimise the scale-effects) filled with a 9 L media placed in a water bath (L = 150 cm,
W = 50 cm, H = 50 cm, and V = 200 L) with a submersible water-heater (Aquael Neoheather
150 W, Warsaw, Poland) and water pumps (Aquael Circulator 500, Warsaw, Poland) to
maintain a stable temperature. The water bath had opaque walls with mounted warm white
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(3000 K) LED lamps (5.76 Watts, manufacturer ID: FSLEDWW1200-EF, Green Lighting®,
Worcester, UK) inside.

2.4. Experimental Design
2.4.1. Experimental Protocol

We performed the experiments at the Hydrobiological field station of the University of
Warsaw in Pilchy (https://pilchy.biol.uw.edu.pl/, accessed on 1 June 2020). The samples
obtained during the experiments were analysed at the station during and after the end of
the experiments to assess the community-level metabolic fingerprinting and the life history
parameters of Daphnia. Some analyses (e.g., the assessment of the taxonomic diversity of
bacterial communities) were performed in the laboratories of the Department of Hydrobiol-
ogy, Faculty of Biology, University of Warsaw. We completed the experimental part between
May and July 2021 in 12 variants that represent the combination of 3 enrofloxacin con-
centrations (0, El = 10 and Eh = 100 ng × L−1) and 4 densities of PS-NPs (0, Nl = 1 × 103,
Nm = 1 × 106, and Nh = 1 × 109 particles × L−1). The concentrations used in our
study were within the environmental concentration range [41,42,44–46]. The concentration
1 × 109 × L−1 of NPs corresponds to the range of bacteria abundance in the lake sam-
ples. We fixed the temperature at 23 ± 0.3 ◦C, which is close to the thermal optimum of
D. magna [57], and we supplied the media daily with the same amount of algal food
(Ch. klinobasis) set close to the limiting concentration of 0.6 mg Corg × L−1. We calculated the or-
ganic carbon content from the calibration curve relating the organic carbon concentration to the
absorbance level at 800 nm. We chose a high temperature and meagre food for the experiment to
increase the Daphnia filtration rate. The LED lamps inside the water bath provided homogeneity
throughout the water column and a low light intensity (1.0± 0.4 µmol×m−2 × s−1) measured
by a Li-Cor 189 quantum sensor that measures the radiance (LiCor Biosciences), and it was
used at a low light intensity. According to the literature, photodegradation is the main cause
of the deactivation of fluoroquinolones, including enrofloxacin, in the environment [58].

At the beginning of each experiment, we added tap water to each of the 12 containers (one
container per variant), filtered through 0.45 µm pore membrane filters and aerated for 24 h to
reach an oxygen concentration up to 8.00± 0.08 mg× L−1 (pH = 7.4, µS cm−1 = 373± 0.7). The
physicochemical parameters (the temperature, conductivity, and oxygen concentration)
were determined using a multiparametric YSI 6000 probe (Yellow Spring, YSI Inc., Yellow
Springs, OH, USA/Xylem Inc., Washington, DC, USA). We added NPs, enrofloxacin, and
algal food in the following order. After, 90 newborn (0–24 h) Daphnia were collected
and randomly distributed into all containers to a final density of 10 ind. × L−1 in each
variant. Every six hours, the media was gently mixed. The new media was prepared and
replaced every 24 h. During the media preparation, we removed the Daphnia from each
container using a strainer with a plankton net and placed them temporarily in 250 mL
glass containers with the respective media. We prepared the new media in the same order
as the initial one. The experiments lasted five days when at least 50% of individuals
produced eggs in each variant. At the end of each of the replicates of the experiments, we
placed Daphnia temporarily in 250 mL glass containers with the respective media. Then,
we photographed all of the individuals in order to determine the life history traits. The
photographed individuals were transferred to sterile 100 mL plastic containers with milliQ
water to remove non-symbiotic bacteria from their guts. Then, we used randomly selected
individuals from each variant to determine the diversity of the bacterial community in
Daphnia guts, both metabolic (25 individuals) and taxonomic (10 individuals).

2.4.2. Life History Parameters

We photographed all the individuals collected in each variant from the lateral side
under a dissecting microscope connected with the camera and computer. The length and
height of each Daphnia were measured in the photographs using the NIS program (Nikon
Nis Elements). The length was measured from the top of the eye to the base of the tail spine
and the height was measured along the body, starting from its greatest dimension. Based
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on these measurements, the body volume of each individual was calculated, assuming an
ellipsoidal shape for each individual according to the formula 4/3π × 1/2a × 1/2b × 1/2c,
where a stands for the length, b the height, and c the width (assuming that the body width is
equal to the body height [59]. For each ovigerous female, we counted the eggs, and the volume
of an egg (upon the mean dimensions for at least two eggs in the clutch) was calculated using
the same formula as that which was employed for body volume evaluation. Finally, the clutch
volume as the common currency of the reproductive investment was calculated as the number
of eggs multiplied by the mean egg volume for each ovigerous female.

2.4.3. Metabolomic Diversity of Gut Microbiota

The extracted Daphnia guts were homogenised in 1 mL of milliQ water and transferred
into 15 mL of their respective media, which were earlier filtered through 0.45 µm Nylon
filters and autoclaved. The standard method of a Biolog EcoPlate [60,61] was used to
analyse the metabolic diversity of the gut microbiota in these samples. An EcoPlate (Biolog,
Hayward, CA, USA) was employed to measure the ability of the bacterial community to
utilise the different carbon substrates. An EcoPlate is a 96-well microplate composed of the
triplicates of control wells (containing no additional carbon source) and 31 wells containing
various carbon sources (Table 1).

Table 1. Different carbon sources used by the Biolog EcoPlate method to measure the ability of the
gut bacterial community of Daphnia to utilise carbon substrates.

Carbohydrates

D-cellobiose
α-D-lactose

β-methyl-D-glucoside
D-xylose
Erythritol

D-mannitol
N-acetyl-D-glucosamine

D-galactonic acid γ-lactone

Phosphorylated carbons glucose-1-phosphate
D,L-α-glycerol phosphate

Amines
phenylethylamine

putrescine

Carboxylic acids

D-glucosaminic acid
D-galacturonic acid

γ-hydroxybutyric acid
itaconic acid

α-ketobutyric acid
D-malic acid

pyruvic acid methyl ester
2-hydroxy benzoic acid
4-hydroxy benzoic acid

Complex carbon

Tween 40
Tween 80

α-cyclodextrin
glycogen

Amino acids

L-arginine
L-asparagine

L-phenylalanine
L-serine

L-threonine
glycyl-L-glutamic acid

Twelve plates were used, one for each variant. Each well of a single plate, except the
control one (filled with milliQ water), was filled with 150 µL aliquots of homogenised and
the diluted content of Daphnia guts from one variant. We incubated the plates in darkness
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at a temperature of 22 ◦C for 72 h. Because of the reduction in the tetrazolium chloride
by the electrons which derived mainly from the oxidation chains, the colour in the wells
increased the proportionally to the respiration rate. We measured the absorbance every four
hours at 590 nm wavelength using a Biotek Synergy H1 plate reader (Biotek Corporation,
Broadview, IL, USA). For the analysis, we used the maximal colour development rates
(Vmax). In calculating the Vmax values, we used Gen 5 software (Biotec Corporation,
Broadview, IL, USA). Additionally, we identified the slope for every four consecutive reads.
The Vmax was calculated using a linear regression model by determining the maximum
slope during the 72 h incubation time. For the maximal rate of colour development, the
Vmax (mOD × min−1) was treated as an indicator of the intensity of the respiration of a
single carbon source by the Daphnia gut microbial communities. The difference in the Vmax
between the carbon-containing wells and the control wells was calculated to determine the
influence of each additional carbon source on the respiration rate (delta). When the delta
was lower than zero or equal to zero, we assumed the microorganism community did not
use the source, and we set this value of Vmax to zero. For the analyses of the community-
level physiological fingerprinting, we used the relative values of the respiration rate for
each carbon source, calculated as the percentage share of each carbon source in the sum
of the Vmax for the whole plate. The overall microbial activity in each microplate was
expressed as the mean Vmax for the plate, and was calculated as the average of all the wells,
including the control.

2.4.4. Taxonomic Diversity of Gut Microbiota

The DNA was isolated from the microorganisms, inhabiting the intestinal tract of
Daphnia from all replications of the experiment. The isolated DNA was then mixed v/v to
obtain a representative sample and was then sequenced. In order to analyse the microbiota,
we used a standard Miseq illumine sequencing method used in numerous previous studies,
e.g., in [62–65]. The D. magna, the digestive tracts were collected in 1.5 mL Eppendorf and
stored at−20 ◦C. Afterwards, the DNA extraction was performed in the spin-column-based
method using the GeneMATRIX DNA Purification kit (EurX, Gdańsk, Poland), according
to the manufacturer’s procedure. The total DNA was assessed for its quality and quantity
by the absorbance measurement in a Synergy H1 microplate reader (Gen5 software, BioTek,
Broadview, IL, USA) equipped with a Take3 microvolume plate. We then stored the samples
at −20 ◦C for further analysis. We performed the phylogenetic analysis of the bacterial
community using Illumina sequencing method [66]. The 16S rRNA genes, V3–V4 hyper-
variable regions (amplicons of approximately 459 bp), were selected. The PCR amplification
was carried out using a Q5 Hot Start High-Fidelity 2X Master Mix, using reaction condi-
tions as recommended by the manufacturer (95 ◦C for 3 min, 25 cycles of 95 ◦C for 30 s,
55 ◦C for 30 s, 72 ◦C for 30 s, and, after the last cycle, 72 ◦C for 5 min) with region-specific
(341F and 785R) [67] primers that include the Illumina flow cell adapter sequences. The
primer sequence was as follows: the forward primer was 5′ CGGGNGGCWGCAG 3′ and
the reverse primer was 5′ GACTACHVGGGTATCTAATCC 3′. The Illumina overhang
adapter sequences added to the locus-specific sequences were as follows: the forward over-
hang was 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG (locus-specific sequence)
and the reverse overhang was 5′ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
(locus-specific sequence).

The amplicons were sequenced using a MiSeq (Illumina, San Diego, CA, USA) plat-
form on a single run using the MiSeq Reagent Kit v2 (Illumina, San Diego, CA, USA) and
the paired-end method (2 × 300 bp), according to the standard protocols by Genomed
(Warsaw, Poland). A demultiplexing and trimming of the Illumina adapter sequences
(cutadapt software [68]) were performed. FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc; acecssed on 4 October 2018) and MultiQC [69] were used to achieve
the quality inspection, visualisation, and assessment of the raw FASTQ files. The sequences
were processed using the DADA2 plugin within QIIME 2 [70]. We trimmed the sequence
at 270 nt, while the first 8 nt were truncated. The alpha rarefaction plots confirmed that
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the number of the remaining sequences is sufficient for detecting the current microbial
diversity. Taxonomies were assigned to the resulting amplicon sequence variants (ASV)
with a q2-feature-classifier plug-in using a pre-trained Naive Bayes classifier based on a
16S rRNA silva 138 SILVA SSU gene database at 99% similarity. The core diversity metrics
pipeline was the tool for calculating the phylogenetic and non-phylogenetic core diversity
metrics. Data for this purpose were rarefied to a sampling-depth equal to the lowest
frequency among the samples (23,500 reads).

2.5. Statistical Analysis

To assess the effect of the NPs and enrofloxacin on the life history parameters the
(body length, body volume, clutch size, egg volume, and clutch volume) and on the
respiration rate of the gut microbiota of Daphnia, we used an Aligned Rank Transform for a
nonparametric factorial two-way ANOVA (ART ANOVA; ARTool package v.0.11.1 [71],
with the “art” function (ARTool package 0.11.1 [72] Washington, USA), which allowed us to
fit the model despite the non-normality and heteroscedasticity of the initial data distribution.
To verify that the ART procedure was correctly applied and is appropriate for this dataset,
the “summary()” function was used. To test the differences in the pairwise combinations of
levels between the factors in the interactions, the ART-C method (multifactor contrast test)
was conducted by using the “art.con” function (ARTool, [73]). The statistical analysis was
performed using the R platform (v.4.2.0, R Team, Vienna, Austria) by setting the level of
significance at α = 0.05 for all of the statistics.

A Bray–Curtis-based NMDS (non-metric multidimensional scaling) was applied
(PAST3 software, [74]), aiming to group the experimental variants according to the mi-
croorganism metabolic and phylogenetic differences. The Bray–Curtis dissimilarity was
used because, unlike many other common statistical tools (e.g., Jaccard and unweighted
UniFrac), it takes into account not only the number of observed ASVs, but also their relative
abundance. For the analyses of community-level physiological fingerprinting, we used the
relative values of the respiration rate for each carbon source, calculated as the percentage
share of each carbon source in the sum of the Vmax for the whole plate. For taxonomic
NMDS, we managed the relative abundance of ASV at the family level. The NMDS analysis
and data visualisation were performed in Statistica 13 software (StatSoft, TIBCO Software
Inc., Palo Alto, CA, USA).

Additionally, a Mantel correlation between the taxonomic and metabolic profiles was
performed (PAST3 software) to reveal the correlation between two Bray–Curtis similarity-
based matrices of the relative metabolic and relative phylogenetic data.

3. Results
3.1. The Effect of the Stressors on the Life History Parameters

None of the stressors (enrofloxacin and NPs) had a significant effect on the Daphnia
body length (Table S1, Supplementary Materials). The interaction between the stressors
was also not significant (at p < 0.001, Table S1), that is, the effect of one stressor has not been
modified by the effect of another stressor. Neither the effect of a single stressor nor the
effect of combined stressors was significant (Figures 1a and 2a), neither for the combined
data from all the concentrations of NPs and enrofloxacin (Table S2, Figure 2a), nor for the
data from each of the concentrations assessed, separately (Table S3, Figure 1a).

Both stressors significantly affected the Daphnia body volume (at p ≤ 0.001, Table S1).
The effect of the NPs was negative, which was apparent in the significant difference between
the NEmean and Emean (Table S2, Figure 2b) and between NmEl and El treatments (Table S4,
Figure 1b). The effect of enrofloxacin was also negative, which was apparent in the sig-
nificant difference between the NEmean and Nmean treatments (Table S2, Figure 2b). The
interaction between the stressors was also significant (at p = 0.008, Table S1); more specifi-
cally, the presence of one stressor resulted in increasing the negative effect of another one
(Tables S2 and S4, Figures 1b and 2b). This was apparent: (1) in the significant difference
between the NEmean and Emean treatments (at p = 0.031, Table S2, Figure 2b) in comparison to
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the non-significant difference between the Nmean and control treatments (Table S2, Figure 2b),
(2) in the significant difference between the NEmean and Nmean (at p = 0.001, Table S2,
Figure 2b) in comparison to the non-significant difference between the Emean and control
treatments (Table S2, Figure 2b), and (3) in the significant difference between the NmEl
and El treatments (at p ≤ 0.017, Table S4, Figure 1b) in comparison to the non-significant
difference between the Nm and control treatments (Table S4, Figure 1b).
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Figure 1. Mean values (± 1 SE) of: (a) body length, (b) body volume, (c) clutch size (the number of eggs
per ovigerous female), and (d) egg volume of 5-day-old D. magna from the control variant (Cont.) and
from variants of a single or combined low, medium, and high density of polystyrene NPs (Nl = 103,
Nm = 106, and Nh = 109 particles L−1, respectively) and low and high concentration of enrofloxacin
(El = 10 and Eh = 100 ng L−1, respectively). Statistical significance is accepted at * p < 0.05, ** p < 0.005,
or *** p < 0.0005. The NPs effect is marked on blue, and the enrofloxacin effect on green.
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Figure 2. Mean values (± 1 SE) of: (a) body length, (b) body volume, (c) clutch size (the number
of eggs per ovigerous female), and (d) egg volume of 5-day-old D. magna from the control variant
(Cont.) and from variants of a single or combined mean density of polystyrene NPs (Nmean for the
combined data from Nl = 103, Nm = 106, and Nh = 109 particles L−1) and the mean concentration of
enrofloxacin (Emean for the combined data from El = 10 and Eh = 100 ng L−1). Statistical significance
is accepted at * p < 0.05, ** p < 0.005, or *** p < 0.0005, ns stands for non-significant. The NPs effect is
marked on blue, and the enrofloxacin effect on green.
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The NPs and enrofloxacin significantly affected the clutch size (at p < 0.001, Table S1). The
effect of the NPs was negative, which was apparent in the significant difference between:
(1) the Nmean and control treatments (at p < 0.001, Table S2, Figure 2c), and (2) each of
the concentrations of the NPs and the control, NmEl and El, as well as the NmEl and
NlEl treatments (at p ≤ 0.005, Table S5, Figure 1c). The impact of enrofloxacin was also
negative, which was apparent in the significant difference between: (1) the Emean and control
treatments (at p < 0.001, Table S2, Figure 2c), and (2) each of the two concentrations in relation
to the control (at p ≤ 0.005, Table S5, Figure 1c). The interaction between the stressors was
also significant (at p < 0.001, Table S1); more specifically, the presence of one stressor resulted
in decreasing the negative effect of another one (Tables S2 and S5, Figures 1c and 2c). This was
apparent: (1) in the non-significant difference between the NEmean and Emean treatments
in comparison to the significant difference between the Nmean and control treatments
(at p < 0.001, Table S2, Figure 2c), (2) in the non-significant difference between the NEmean
and Nmean treatments in comparison to the significant difference between the Emean and
control treatments (at p < 0.001, Table S2, Figure 2c), and (3) in the non-significant differences
in the majority of comparisons between the single and combined stressors in relation to
the significant difference between the single stressors and control for the data from each
of the concentrations of NPs and enrofloxacin, separately (Table S5, Figure 1c). The only
exception was the significant differences between the NmEl and El, and between the NmEl
and NlEl treatments (Table S5, Figure 1c). The number of ovigerous females in relation to
the females without eggs was the greatest in the control (84%), moderate in the presence of
NPs on their own (81–83%), and in the presence of enrofloxacin on its own (79–80%), and
was the lowest in the NmEl (70%) and NhEh (75%) treatments.

The NPs and enrofloxacin also significantly affected the egg volume (at p < 0.001, Table S1).
The effect of the NPs was negative, which was apparent in the significant difference between:
(1) the Nmean and control treatments (at p < 0.001, Table S2, Figure 2d), and (2) each of the
concentrations of NPs and the control (at p ≤ 0.001, Table S6, Figure 1d). The impact of
enrofloxacin was also negative, which was apparent in the significant difference between:
(1) the Emean and control treatments (at p < 0.001, Table S2, Figure 2d), and (2) the Eh
and the control, NmEh and Nm, Eh and El, as well as the NmEh and NmEl treatments
(at p ≤ 0.018, Table S6, Figure 1d). The interaction between the stressors was also sig-
nificant (at p < 0.001, Table S1); more specifically, the presence of one stressor resulted in
decreasing the negative effect of another one (Tables S2 and S6, Figures 1d and 2d). This
was apparent: (1) in the non-significant difference between the NEmean and Emean treat-
ments in comparison to the significant difference between the Nmean and control treatments
(at p < 0.001, Table S2, Figure 2d), (2) in the non-significant difference between the NEmean
and Nmean treatments in comparison to the significant difference between the Emean and
control treatments (at p < 0.001, Table S2, Figure 2d), and (3) in the non-significant differ-
ences in the majority of comparisons between the single and combined stressors in relation
to the significant difference between the single stressors and the control for the data from
each of the concentrations of NPs and enrofloxacin, separately (Table S6, Figure 1d).

Additionally, the NPs and enrofloxacin significantly affected the clutch volume
(at p ≤ 0.001, Table S1). The effect of the NPs was negative, which was apparent in the
significant difference between: (1) the Nmean and control treatments (at p < 0.001, Table S2),
and (2) each of the concentrations of the NPs and the control, NmEl and El, NhEl and El, as
well as the NmEh and Eh treatments (at p ≤ 0.040, Table S7). The impact of enrofloxacin was
also negative, which was apparent in the significant difference between: (1) the Emean and
control treatments (at p < 0.001, Table S2), and (2) each of the two concentrations in rela-
tion to the control, the NlEh and Nl, NmEh and Nm, and the NhEh and Nh treatments
(at p ≤ 0.031, Table S7). The interaction between the stressors was also significant
(at p < 0.001, Table S1); more specifically, the presence of one stressor resulted in decreasing the
negative effect of another one (Tables S2 and S7). This was apparent: (1) in the non-significant
difference between the NEmean and Emean treatments in comparison to the significant differ-
ence between the Nmean and control treatments (at p < 0.001, Table S2), (2) in the non-significant
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difference between the NEmean and Nmean treatments in comparison to the significant difference
between the Emean and control treatments (at p < 0.001, Table S2), and (3) in the non-significant
differences in the majority of comparisons between the single and combined stressors in relation
to the significant difference between the single stressors and the control for the data from each
of the concentrations of NPs and enrofloxacin, separately (Table S7).

3.2. Metabolomic Diversity of Gut Microbiota

The NPs and enrofloxacin significantly affected the mean respiration rate of the gut
microbiota expressed as the Vmax values (at p < 0.001, Table S1). The effect of the NPs
was positive (Tables S2 and S8, Figures 3 and 4), which was apparent in the significant
difference between: (1) the Nmean and control treatments (at p < 0.001, Table S2, Figure 4),
and (2) the Nl and control, Nm and control, NhEl and El, as well as the NhEl and NmEl
treatments (at p≤ 0.002, Table S8, Figure 3). The impact of enrofloxacin was negative, which
was apparent in the significant difference between: (1) the NEmean and Nmean treatments
(at p < 0.001, Table S2, Figure 4), and (2) the NlEl and Nl, NlEh and Nl, NmEl and Nm,
NmEh and Nm, NhEh and Nh, as well as the NhEh and NhEl treatments (at p ≤ 0.001,
Table S8, Figure 3). The interaction between the stressors was significant (at p < 0.001,
Table S1), more specifically in the majority of comparisons, the presence of NPs increased
the inhibitory effect of enrofloxacin, and the presence of enrofloxacin reduced the positive
effect of the NPs (Tables S2 and S8, Figures 3 and 4). The former was apparent: (1) in the
non-significant difference between the Emean and control in comparison to the significant
difference between the NEmean and Nmean treatments (at p < 0.001, Table S2, Figure 4), and
(2) in the non-significant difference between the El and control and the Eh and control in
relation to the significant difference in the majority of comparisons (in six among nine)
between the treatments in which enrofloxacin was combined with the NPs (at p < 0.001,
Table S8, Figure 3). The latter was apparent (1) in the significant difference between the
Nmean and the control (at p < 0.001, Table S2, Figure 4) in comparison to the non-significant
difference between the NEmean and Emean treatments (Table S2, Figure 4), and (2) in the
significant difference between the Nl and the control and the Nm and the control (at p < 0.001,
Table S8, Figure 3) in relation to the non-significant difference in the majority of comparisons
(in 10 among 12) between the treatments in which NPs were combined with enrofloxacin
(Table S8, Figure 3).
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Figure 3. Mean values (±1 SE) of respiration rate expressed as Vmax values of 31 carbon sources by
Daphnia gut microbiota from the control variant (Cont.) and from variants of a single or combined
low, medium, and high density of polystyrene NPs (Nl = 103, Nm = 106, and Nh = 109 particles L−1,
respectively) and low and high concentration of enrofloxacin (El = 10 and Eh = 100 ng L−1, respectively).
Statistical significance is accepted at *** p < 0.0005. The NPs effect is marked on blue, and the enrofloxacin
effect on green.
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Figure 4. Mean values (± 1 SE) of respiration rate expressed as Vmax values of 31 carbon sources by
Daphnia gut microbiota from the control variant (Cont.) and from variants of a single or combined
mean density of polystyrene NPs (Nmean for the combined data from Nl = 103, Nm = 106, and
Nh = 109 particles L−1) and the mean concentration of enrofloxacin (Emean for the combined data
from El = 10 and Eh = 100 ng L−1). Statistical significance is accepted at *** p < 0.0005, ns stands for
non-significant. The NPs effect is marked on blue, and the enrofloxacin effect on green.

The analysis of the percentage share of the respiration rate of different carbon sources
by the gut microbiota of Daphnia revealed that the presence of each of the stressors resulted
in a relative increase in the usage of carboxylic acids, amino acids, and carbohydrates, as
well as a relative decrease in the usage of phosphorylated carbons and complex carbon
sources with the control (Figure 5a,b). The pattern was similar in the presence of single and
combined stressors, which suggests a negative interaction between their effects.
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Figure 5. Percentage share of respiration rate (Vmax) of different carbon sources by the gut microbiota
of Daphnia (a) from the control variant (Cont.) and from variants of a single or combined low, medium
and high density of polystyrene NPs (Nl = 103, Nm = 106, and Nh = 109 particles L−1, respectively)
and low and high concentration of enrofloxacin (El = 10 and Eh = 100 ng L−1, respectively), and
(b) from the control variant (Cont.) and from variants of a single or combined mean density of
polystyrene NPs (Nmean for the combined data from Nl, Nm, and Nh) and the mean concentration of
enrofloxacin (Emean for the combined data from El and Eh).
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A Bray–Curtis-based NMDS analysis revealed two distinct groups of variants: variants
with a high concentration of enrofloxacin (in the presence and absence of NPs) and variants
with a low and medium density of NPs, which suggests a different effect of each of the
stressors on the metabolic profile of the gut microbial community (Figure 6). In the first
group, a relatively low usage of phosphorylated carbon and amines compared to the control
and the majority of the remaining variants was observed (Figure 5a). In the second group,
there was relatively even usage of the different carbon sources with a relatively low usage
of the complex carbon sources, as well as a relatively high usage of amines concerning the
majority of the remaining variants (Figure 5a).
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Figure 6. Bray–Curtis-based NMDS analysis of the relative respiration of 31 different carbon sources by
D. magna gut microbiota from the control (Cont.), and from variants of the combination of two variables:
(1) NPs in low, medium, and high concentrations (Nl, Nm, Nh, respectively) and (2) enrofloxacin in low
and high concentrations (El and Eh, respectively).

3.3. Taxonomic Diversity of Gut Microbiota

We observed a low taxonomic diversity of the bacteria living in the digestive tract of
Daphnia compared to typical diversity of the bacteria living in the lake waters and bacteria
from the Daphnia digestive tracts described in other studies, e.g., in [61,75]. The gut micro-
biota was mainly represented by the bacteria belonging to three phyla—Actinobacteriota,
Firmicutes, and Proteobacteria—with the predominance of Proteobacteria and Firmicutes
(Figure 7a,b). The presence of each of the stressors, especially the high concentration of
NPs, increased the Firmicutes’ participation (Figure 7a,b). This effect was also apparent
with the increasing concentrations of enrofloxacin (Figure 5). Despite the clear effect of both
stressors on their own—the Firmicutes share the increase—the pattern was similar in the
presence of single and combined stressors, which suggest a negative interaction between
their effects (Figure 7a,b). The Bray–Curtis-based NMDS analyses at the family level did
not show any apparent group of similar variants (Figure 8), which suggests the different
taxonomic composition within phylum Firmicutes, whose relative abundance increased
after adding both stressors. However, it revealed that the variants with the combined effect
of both stressors and with high concentrations of each of the stressors on its own are further
away from the control than the other variants (i.e., with low concentrations of each of the
stressors on its own and combined).
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Figure 7. The relative abundances of the top three dominant bacteria phyla present in the gut of
D. magna (a) from the control variant (Cont.) and from variants of a single or combined low, medium,
and high density of polystyrene NPs (Nl = 103, Nm = 106, and Nh = 109 particles L−1, respectively)
and low and high concentration of enrofloxacin (El = 10 and Eh = 100 ng L−1, respectively), as well as
(b) from the control variant (Cont.) and from variants of a single or combined the mean density of
polystyrene NPs (Nmean for the combined data from Nl, Nm, and Nh) and the mean concentration of
enrofloxacin (Emean for the combined data from El and Eh).
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Figure 8. The graphical results of the Bray–Curtis-based NMDS analysis of sequence data, binned by
taxonomic assignment to family. The figure shows the relative distances between the gut microbiota
of D. magna from the control (Cont.) variant, and from variants of the combination of two variables:
(1) NPs in low, medium, and high concentrations (Nl, Nm, Nh, respectively) and (2) enrofloxacin in
low and high concentrations (El and Eh, respectively).
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No significant correlation between the taxonomic profile (at the family level) and the
Eco Plate-based metabolic profile was observed (Mantel Correlation, R = 0.153, p = 0.2052,
permutation n = 9999).

4. Discussion
4.1. General Effect

The results of our study revealed that each of the stressors (the NPs and enrofloxacin)
on their own influenced most of the measured life history parameters of D. magna (except
the body length of 5-day-old individuals) and the metabolic and taxonomic diversity of the
Daphnia gastrointestinal microbiota, and there was an interaction in the effect of both stressors
on all of the measured parameters. On the one hand, since we used in our study temperature
and food conditions very close to the optimal ones (23 ◦C and 0.6 mg Corg × L−1), it is rather
unlikely that the stress caused by the suboptimal experimental conditions had any impact
on the observed effects of NPs and enrofloxacin. On the other hand, it can be expected
that the use of a lower temperature and a higher food concentration could reduce the
Daphnia filtration rate and, consequently, could reduce the observed effects of the NPs and
enrofloxacin, although they would not change the direction of the effects.

4.2. The Effect of Single and Combined Stressors on the Life History Parameters

The results confirmed our first hypothesis, as both stressors resulted in a decrease
in the Daphnia body size and their reproductive parameters, including an average egg
volume in the brood cavity and the number of eggs in the clutch of individuals during the
first reproduction, which also resulted in decreasing the clutch volume being a common
currency of the reproductive investment, which suggests that each of the stressors has
a negative effect on the fitness of an individual. Although we did not assess the age of
the first reproduction of Daphnia in the experiments, the greatest number of ovigerous
females (in relation to the females without eggs) during the fifth day of the experiment in
the control, moderate in the presence of each of the stressors on its own, and the lowest in
the treatments with the combined stressors, suggests that each of the stressors delayed the
start of reproduction and that there was an interaction in the effect of both stressors.

In the case of the NPs, these results may have been caused by the clogging of the
filtration appendages and the gut which, in turn, results in decreasing the filtration and
assimilation rate, as demonstrated in several earlier studies, e.g., in [76]. These findings are
consistent with a great number of earlier studies in which the presence of NPs suspended
in water alters the life history traits of various animals, and that these alterations are
manifold [13], including a reduction in the body size of adult and juvenile individuals,
reproduction (i.e., decreased numbers and body size of neonates), the individual growth
rate and survival of freshwater, e.g., in [77], and saline lakes, e.g., in [78], planktonic animals,
cnidarians [79], and fishes, e.g., in [23,80], although other studies did not find any effect of
an acute exposure on the life history parameters, including negligible effects on the survival
rate and development of Danio rerio, e.g., in [81], on the survival and individual growth
rate of Gammarus pulex [82].

Several studies revealed the significance of antimicrobial drugs on aquatic organ-
isms [83,84]. For example, the parental exposure of marine fish (Oryzias melastigma) to sul-
famethazine (4.62 mg× g−1) may negatively affect the growth performance in adults [14,85].
In the case of enrofloxacin, the decrease in all the measured life history parameters is consis-
tent with the numerous earlier studies performed on fish [23,85] and Daphnia [75]. Another
study revealed the negative effect of tetracycline (1 µg × L−1) on the reproduction and
survival of D. magna [75]. However, it should be pointed out that not all studies reported
the effect of antibiotics on the life history parameters. For example, Nunes et al. [86] showed
that ecologically relevant ciprofloxacin concentrations (0.005–0.195 mg × L−1), did not
cause significant impacts on the growth rate and reproductive parameters of D. magna, and
Ma et al. [87] did not find the effect of tetracycline (10 mg × L−1) on the growth rate of the
soil annelid Enchytraeus crypticus. Moreover, in a single study, it was revealed that at very
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low ciprofloxacin concentrations (10 ng L−1), that is, at a level of a lower concentration that
the enrofloxacin used in our study, the growth and fecundity of D. magna were even higher
than that in the control of animals [88].

We are aware of only two earlier studies in which the combined effect of the NPs and
antibiotics on the life history parameters was determined [23,87]. While the first study
revealed that the effect of tetracycline on the dry weight of E. crypticus after a seven-day
exposure was stronger in the presence of polystyrene [87], the second study revealed that
the adverse impact of the mixture of polystyrene NPs and sulfamethazine on the dry
weight in the O. melastigma was weaker than the sole effect of the NPs [23]. In our study,
the negative effect of each of the stressors (the NPs and enrofloxacin) on the body size
was stronger, and on the reproductive parameters was lower in the presence of another
factor, which may suggest that in the presence of cumulative stress, Daphnia redirects more
resources to reproduction at the expense of somatic growth.

4.3. The Effect of Single and Combined Stressors on the Metabolomic Diversity of Gut Microbiota

The results also confirmed our second hypothesis, since NPs resulted in an increase and
enrofloxacin resulted in the decrease in the overall carbon respiration rate of the Daphnia gut
microbiota. This may be due to a changing bacteria abundance, their metabolic condition,
and their ability of utilising different carbon sources. The decrease in the metabolic rate
in the presence of enrofloxacin is consistent with the existing data on the negative effect
of antibiotics on the bacteria metabolism, since there is a link between antibiotic-induced
cellular respiration and bactericidal lethality. Antibiotics disturb the metabolic state of
bacteria, which impacts the antibiotic efficacy [89,90]. The positive effect of NPs on the
respiration of the bacteria in the Daphnia gastrointestinal tract may be due to the provision
of an additional sorption surface, which not only facilitates the formation of bacterial
biofilms, but may also affect the ability to degrade organic compounds that absorb on such
surfaces. For example, the sorption of proteins on surfaces can change their conformation,
making them more accessible to proteolytic enzymes and subject to faster hydrolysis [91].
Our results are the first to demonstrate the effect of NPs on the metabolic profile of the
gut microbiota. Moreover, the results are also the first to demonstrate the interaction
between the stressors on the metabolic profile of the gut microbiota, which was apparent in
the increased inhibitory effect of enrofloxacin in the presence of NPs, and in the reduced
positive effect of NPs in the presence of enrofloxacin.

The results also confirmed our third hypothesis, as the presence of NPs and en-
rofloxacin affected the metabolic fingerprints measured as the relative use of different
carbon sources as compared to the control. The functional structure of the bacteria com-
munity had changed. The presence of each of the stressors resulted in a relative increase in
the usage of carboxylic acids, amino acids, and carbohydrates and in the relative decrease in
the usage of phosphorylated carbons and complex carbon sources with the control, which
suggests that both the enrofloxacin and NPs forced the bacteria to exploit the easily digestible
carbon sources [92]. In general, these results are in accordance with the existing literature.
For instance, it has been shown that the presence of polystyrene NPs altered the carbohy-
drate metabolism of marine medaka fish gut microbiota [23]. However, Zhang et al. [51]
did not show any significant effect of NPs on the predicted metabolic pathways of the
gut microbiota in the same fish species. A picture of the negative impact of NPs on the
metabolic fingerprint emerges from the research on the freshwater biofilm done with the
Biolog EcoPlate method, in which the NPs’ presence (1, 5 and 10 mg × L−1) reduced the
microbial metabolic functional diversity. The total carbon metabolism remained constant
with growing NP concentrations, but the utilisation of some specific carbon sources (e.g.,
esters) had changed [93]. It was revealed that the presence of sulfamethazine affected
the function of the gut microbiota of medaka fish, so the carbohydrate metabolism was
significantly decreased [23]. Zhang et al. [51] presented similar results, showing a decrease
in the carbohydrate metabolism in marine medaka females who had been exposed to low
concentrations of sulfamethazine (0.5 mg × g−1 supplied in fish food); thus, also the lipid
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and amino acid metabolism was enhanced under these conditions. In the murine model,
other antibiotics, like amoxicillin, have been shown to elevate the expression of genes
responsible for starch utilisation by Bacteroides thetaiotaomicron [94].

Moreover, the NPs and enrofloxacin which were acting together had a different effect
on the metabolic fingerprints than the NPs and enrofloxacin which were acting separately,
suggesting the existence of the interaction between the two stressors. The simultaneous
presence of sulfamethazine and NPs also significantly altered the carbohydrate metabolism, as
He et al. [23] discovered. However, it should be pointed out that the results from He et al. [23]
and Zhang et al. [51] concerning the effects of antibiotics and NPs on changes in the gut
microbial metabolism fingerprint were obtained by the bioinformatics prediction. Our
results stem from the direct measurement of the microbial metabolic fingerprint as the
function of different respiration intensities of various carbon sources by the Daphnia gut
microbial community.

4.4. The Effect of Single and Combined Stressors on the Taxonomic Diversity of Gut Microbiota

Finally, the results also confirmed the fourth hypothesis, as the taxonomic diversity
of bacteria was affected by the presence of each of the two stressors on its own, which
was apparent in the relative increase in the Firmicutes (mainly the Bacillaceae family,
representatives of which occur in the digestive tracts of many aquatic animals, e.g., in [95]),
in relation to Actinobacteria and Proteobacteria at the phylum level. Despite this, in most
of the experimental variants, the dominant taxa at the phylum level were Proteobacteria,
which is consistent with the previous studies on the microbiome of other animals, including
the soil fauna [88,96,97]. On the one hand, the relative increase in Firmicutes may have a
positive effect on Daphnia, as it increases the diversity of the microbial composition, which
is often equated with the improvement of the host’s health [98]. It has been disclosed that
Firmicutes produce short-chain fatty acids, which could be used for the de novo synthesis
of lipids or glucose and an additional energy source for the host [23,99,100]. Therefore,
from the perspective of the host energy input, Firmicutes in the gut may play a positive
role. On the other hand, it has been shown that an increased proportion of Firmicutes to
other bacteria phyla is an indicator of metabolic disorders in animals [101,102], which may
explain the reduction in the body size and reproductive potential of Daphnia by each of the
stressors on its own in our study.

In the case of NPs, the relative increase in Firmicutes in the gut microbiota may be due
to the fact that NPs can provide them with a better matrix for biofilm growth compared
to other bacteria taxa. The results are consistent with several recent studies, which found
that NPs may affect a community of free-living bacteria [103,104] and the microbiome of
E. crypticus [67]. This also includes a marine mollusk Mytilus galloprovincialis [105] and
various fish species, including O. melastigma [106] and D. rerio, e.g., [107,108], which can
induce dysbiosis and inflammation in their intestine. For example, it has been discovered
that the dietary NPs (1 mg × g−1) affected the relative proportions of Microbacteriaceae,
Streptococcaceae, Enterobacteriaceae, and Rhodocyclaceae in the whole body microbial
community of E. crypticus [87]. It has been recognised that all of these taxa potentially
negatively (with Enterobacteriaceae [109]) or positively (with the remaining taxa [110,111])
affect the host. However, our study contradicts the results of He et al. [23], who found
a decrease in the relative abundance of Firmicutes in males exposed to (3.45 mg × g−1)
dietary polystyrene NPs. It is worth noting that, in our study, the taxonomic diversity of
the bacteria increased in the presence of NPs, as the relative abundance of different taxa
was more even compared to the controls, which is consistent with the earlier studies for the
diversity of the microbial communities in the gut of D. rerio, e.g., [107].

The increase in the relative abundance of Firmicutes in the presence of enrofloxacin
is consistent with several previous studies, which revealed that antibiotics might change
the taxonomic diversity of the gut microbiota of animals, including mice [112] soil or-
ganisms [87,102], fish [23], and Daphnia [76]. For example, it has been revealed that an
exposure to tetracycline (1 µg × L−1) resulted in an increase in the relative abundance of
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Pseudomonaceae in the intestinal microbial community of D. magna [75]. Other studies
have shown that dietary tetracycline (0.01 mg × g−1) affected the relative proportions of
Microbacteriaceae, Streptococcaceae, Enterobacteriaceae, and Rhodocyclaceae in the whole
body microbial community of E. crypticus [87]. In another study, Motiei et al. [88] showed
that G + bacteria, mostly Actinobacteria and Firmicutes, was better equipped to withstand
an exposure to ciprofloxacin (of a similar mechanism of action as enrofloxacin) as their
relative abundance increased with the antibiotic concentration.

Moreover, the results also confirmed the fourth hypothesis as we observed an interac-
tion between the two stressors on the bacteria community structure, which was apparent in
the weaker effect of each of the stressors on its own than combined. To our knowledge, only
two earlier studies investigated the combined effect of NPs and antibiotics [23,88]. The first
study showed that the combined exposure of tetracycline and polystyrene NPs negatively
affected the abundance of bacteria belonging to several families, including Microbacteriaceae,
Streptococcaceae, and Enterobacteriaceae in the whole body microbiome of E. crypticus, and
additionally, significantly higher ratios of Planococcaceae/Chitinophagaceae and Bacil-
laceae/Chitinophagaceae were observed after a tetracycline and polystyrene exposure,
especially when the two pollutants were combined [87]. The second study revealed that
a parental exposure to polystyrene NPs and sulfamethazine had a weaker effect on the
gut microbial communities in the offspring of marine fish (O. melastigma) than each of the
stressors on its own [23]. Moreover, it has been released that after terminating the exposure,
the microbiome was not permanently changed but impacted reversibly [87].

Summing up, the NPs and enrofloxacin altered the taxonomic (and also metabolic)
structure of the bacterial communities living in the gut of Daphnia. The interaction of the
enrofloxacin and NPs resulted in changes in the taxonomic composition of the bacterial
communities slightly different from those induced by each of the stressors acting separately.
This fact may result from the system’s complexity, where NPs constitute the sorption
surface for the dissolved organic compounds and antibiotics, causing both their local
concentration to increase and a change in the conformation of sorbed molecules that can
change their physical properties. The formation of biofilms on aggregated plastic particles
may also change the dominant bacteria’s taxonomic structure. No clear relationship has
been found between the bacterial taxonomic composition and metabolic fingerprints. Thus,
this may indicate the occurrence of the phenomenon of redundancy and the high plasticity
of microorganism communities which, when changing the taxonomic composition, can
replace their environmental functions.

5. Conclusions

In conclusion, despite the growing interest in the effects of NPs and antibiotics on
the biology of organisms, knowledge on the subject is still fragmentary and is often based
on contradictory results. Our study seems to be the first one to investigate the combined
effect of NPs and antibiotics on the life history parameters of freshwater organisms and the
metabolomic and taxonomic diversity of their intestinal microbial community. Among the
most important results that we obtained is that both stressors: (i) negatively affected most
of the Daphnia life history parameters, (ii) modified the use of different carbon sources by
the intestinal microbiota, (iii) increased the Firmicute phyla participation in the microbiota
taxonomic composition, and (iv) interacted with each other, affecting all the measured
parameters. Moreover, we also observed that the NPs increased and enrofloxacin decreased
the metabolic rate of the gut microbiota. The results of our study suggest a possible link
between the observed effects. Future studies concerning the issue should primarily focus on
integrating the results from different levels of the biological organisation on the combined
effect of both stressors on different taxa.
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reliable LC-MS/MS methods for the determination of three fluoroquinolones in water and fish tissue samples and preliminary
environmental risk assessment of their presence in two rivers in northern Poland. Sci. Total Environ. 2014, 493, 1006–1013.
[CrossRef]

45. Ma, Y.; Li, M.; Wu, M.; Li, Z.; Liu, X. Occurrences and regional distributions of 20 antibiotics in water bodies during groundwater
recharge. Sci. Total Environ. 2015, 518, 498–506. [CrossRef] [PubMed]

46. Hu, Y.; Yan, X.; Shen, Y.; Di, M.; Wang, J. Antibiotics in surface water and sediments from Hanjiang River, Central China:
Occurrence, behavior and risk assessment. Ecotoxicol. Environ. Saf. 2018, 157, 150–158. [CrossRef] [PubMed]

47. You, X.; Cao, X.; Zhang, X.; Guo, J.; Sun, W. Unraveling individual and combined toxicity of nano/microplastics and ciprofloxacin
to Synechocystis sp. at the cellular and molecular levels. Environ. Int. 2021, 157, 106842. [CrossRef]

48. Feng, L.J.; Shi, Y.; Li, X.Y.; Sun, X.D.; Xiao, F.; Sun, J.W.; Yuan, X.Z. Behavior of tetracycline and polystyrene nanoparticles
in estuaries and their joint toxicity on marine microalgae Skeletonema costatum. Environ. Pollut. 2020, 263, 114453. [CrossRef]
[PubMed]

49. Guo, X.; Cai, Y.; Ma, C.; Han, L.; Yang, Z. Combined toxicity of micro/nano scale polystyrene plastics and ciprofloxacin to
Corbicula fluminea in freshwater sediments. Sci. Total Environ. 2020, 789, 147887. [CrossRef]

http://doi.org/10.1016/j.aquatox.2014.05.026
http://doi.org/10.1021/acs.est.9b02003
http://doi.org/10.3390/toxics8020040
http://www.ncbi.nlm.nih.gov/pubmed/32498316
http://doi.org/10.1016/j.jhazmat.2021.127003
http://doi.org/10.1016/j.scitotenv.2021.150027
http://www.ncbi.nlm.nih.gov/pubmed/34482139
http://doi.org/10.1016/j.scitotenv.2018.03.176
http://www.ncbi.nlm.nih.gov/pubmed/29579661
http://doi.org/10.3390/toxics10060326
http://www.ncbi.nlm.nih.gov/pubmed/35736934
http://doi.org/10.1016/j.scitotenv.2017.07.144
http://doi.org/10.3390/toxics10040193
http://doi.org/10.1016/j.envint.2020.105796
http://doi.org/10.4137/PMC.S14459
http://doi.org/10.1016/j.watres.2020.116455
http://doi.org/10.1038/mi.2009.132
http://www.ncbi.nlm.nih.gov/pubmed/19940845
http://doi.org/10.1016/j.envpol.2017.12.073
http://www.ncbi.nlm.nih.gov/pubmed/29291524
http://doi.org/10.1016/j.chemosphere.2020.126351
http://www.ncbi.nlm.nih.gov/pubmed/32443222
http://doi.org/10.1016/j.scitotenv.2022.153178
http://doi.org/10.18773/austprescr.2021.035
http://doi.org/10.1111/j.1365-2885.1996.tb00001.x
http://doi.org/10.1016/S0045-6535(99)00448-8
http://doi.org/10.1086/428052
http://doi.org/10.1016/j.ijheh.2017.02.003
http://doi.org/10.1016/j.etap.2008.03.006
http://doi.org/10.2217/17460913.2.5.473
http://doi.org/10.1016/j.scitotenv.2020.139802
http://www.ncbi.nlm.nih.gov/pubmed/32535279
http://doi.org/10.1016/j.scitotenv.2014.06.082
http://doi.org/10.1016/j.scitotenv.2015.02.100
http://www.ncbi.nlm.nih.gov/pubmed/25777955
http://doi.org/10.1016/j.ecoenv.2018.03.083
http://www.ncbi.nlm.nih.gov/pubmed/29621706
http://doi.org/10.1016/j.envint.2021.106842
http://doi.org/10.1016/j.envpol.2020.114453
http://www.ncbi.nlm.nih.gov/pubmed/32244161
http://doi.org/10.1016/j.scitotenv.2021.147887


Water 2022, 14, 3403 21 of 23

50. Almeida, M.; Martins, M.A.; Soares, A.M.; Cuesta, A.; Oliveira, M. Polystyrene nanoplastics alter the cytotoxicity of human
pharmaceuticals on marine fish cell lines. Environ. Toxicol. Pharmacol. 2019, 69, 57–65. [CrossRef]

51. Zhang, Y.T.; Chen, H.; He, S.; Wang, F.; Liu, Y.; Chen, M.; Mu, J. Subchronic toxicity of dietary sulfamethazine and nanoplastics in
marine medaka (Oryzias melastigma): Insights from the gut microbiota and intestinal oxidative status. Ecotoxicol. Environ. Saf.
2021, 226, 112820. [CrossRef]

52. Baysal, A.; Saygin, H. Co-occurence of antibiotics and micro (nano) plastics: A systematic review between 2016–2021. J. Environ.
Sci. Health Part A 2022, 57, 519–539. [CrossRef] [PubMed]
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