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Contamination by microplastics (particles < 1mm) is a growing and alarming
environmental problem in freshwater systems. Evidence suggests that industrial
effluents could be one of the critical point sources of microplastics and other
pollutants, and their interaction can cause organismal stress and affect host and
environmental microbial communities. We tested the individual and combined effects
of microplastics and other pollutants on host survival and host associated (commensal)
bacterial diversity. We exposed Daphnia magna to 1 µm microplastic beads with a
concentration of approximately 1820 particles/ml and chromium (VI) simultaneously
with treatments of 2 and 5 ppm for 72 h. DNA extraction was done to amplify and
sequence the ribosomal Bacterial 16S from both the water and the Daphnia. Daphnia
experienced low mortality in treatments microplastics (13.3%) and 2 ppm chromium VI
(30%) individually. However, the combination of microplastics and 2 ppm chromium (VI)
increased the mortality to 74.4%. In the treatments with 5 ppm of chromium (VI) mortality
rose to 100% after 30 h of exposure. Microbial diversity changed in response to
microplastics, chromium (VI), and both combined exposure. Microplastics and toxic
metals can cause dysbiosis of freshwater environmental microbiota, whole host
microbiota, and host survival. This work stresses the importance to assess how
pollutants’ individual and joint effects could affect organisms including their microbiome.
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INTRODUCTION

The small plastic fragments, beads, granules and fibers below 1 mm in diameter are specifically called
microplastics (MPs here after) (Santos et al., 2009; Cole et al., 2015; Silva et al., 2019). MPs can be
specifically manufactured (Napper et al., 2015; Cole et al., 2016) or they are the consequence of
mechanical, biological or photodegradation and subsequent fragmentation of large plastic items (Ma
et al., 2016; de Sá et al., 2018; Athey et al., 2020). One of the major concerns aboutMPs is that they are
highly bioavailable in marine environments, fresh water and terrestial ecosystems (Cole et al., 2014;
Huerta Lwanga et al., 2016; Wagner and Lambert 2018). In fact, a large variety of organism has been
reported to ingest and accumulate MPs, from zooplankton to fish (Santos et al., 2009; Cole et al.,
2015; Mattsson et al., 2015). MPs can have a negative effect on organisms, compromising the
individual fitness by reducing feeding, energetic reserves, growth rate, fecundity, and survival (Cole
et al., 2016; Huerta Lwanga et al., 2016; Jeong et al., 2016; Foley et al., 2018). Moreover, the
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bioavailability of MPs and their possible interactions with
different pollutants in the environment (Rochman et al.,
2014), might open the possibility of synergic toxic action of
MPs with other pollutants such as toxics metals. The synergic
effects of MPs and metal ions on organism fitness and its
associated microbes remain mostly unexplored, constituting
one of the new frontiers in toxicology.

Toxic metal ions such as hexavalent chromium [hereafter, Cr
(VI)] are known to be highly carcinogenic, nephrotoxic,
hepatotoxic, neurotoxic, teratogenic, and mutagenic (Zeng
et al., 2016; Bojarski et al., 2021; Guo et al., 2021). Compared
with organic pollutants, metal ions cannot be biodegraded into
more harmless compounds. Chromium in aquatic environments
exist in two different states, trivalent chromium [Cr (III)] and Cr
(VI), which is more harmful to human health (Barnhart 1997;
Khezami and Capart 2005; Guo et al., 2021). Many industrial
processes release Cr (VI) in aquatic environments, including
tanning, electroplate manufacturing of dye, metal finishing,
and production of paint and paper (Pérez-Candela et al., 1995;
Vargas and Dussán 2016; Guo et al., 2021). The strong oxidizing
property and the ability of Cr (VI) to cross biological membranes
is a threat to many organisms living in polluted environments,
environmental microorganisms, and host associated microbes
(Babich et al., 1980; Breton et al., 2013; Hose et al., 2016; Assefa
and Köhler 2020; Bojarski et al., 2021).

Host associated microbes play a role in host immune response,
development and function of vital organs (e.g., the brain), and
production of key elements (e.g., vitamin B12) (Bennett et al.,
2015; Marchesi et al., 2015; Bharwani et al., 2016). Environmental
anthropogenic pollutants can negatively affect host physiology,
host microbiome, and multiple metabolic pathway because these
chemical can act as carcinogens, endocrine disruptors and
neurotoxins (Assefa and Köhler 2020; Häder et al., 2020). For
example, toxic metals can induce structural damage in
microorganisms, direct damage on biological membranes,
deplete antioxidants and cause protein dysfunction via
oxidation (Babich et al., 1980; Breton et al., 2013; Lemire
et al., 2013; Assefa and Köhler 2020). Therefore, exposure to
Cr (VI) in host-microbiome is likely to cause dysbiosis affecting
host functions (Assefa and Köhler 2020). Similarly, MP ingestion
can also have possible stressful effects on the host and in its
associated microorganisms (Aljaibachi and Callaghan 2018; Jin
et al., 2019; Silva et al., 2019; Wang et al., 2019). Recent studies
showed that MPs can be colonized and be used as substrate for
some microorganism in the environment (Didier et al., 2017;
Jacquin et al., 2019). In this way, ingesting MPs could result in a
new resource for members outside of the autochthonous gut
microbial communities, affecting bacterial gut colonization in the
gut environment. Therefore, the effects on the host responses and
host metabolism changed by external stress factors on the
microbiota cannot be ignored.

In this study, we tested the effect of microplastics and toxic
metals on Daphnia magna mortality and the changes in the
composition of free-living and host associated microorganism in
the presence and absence of MPs and Cr (VI). It has been shown
that plastic can both enhance the effects of other micropollutants
such as toxic metals, and enhance the growth of new bacterial

strains due to the use of MPs as carbon source (Zettler et al., 2013;
Rochman et al., 2014; Horton et al., 2018; Felten et al., 2020).
Therefore we hypothesize a additive effect where mortality of D.
magna will increase due to the combination of MPs and Cr (VI).
We also hypothesize that the microbial communities in the water
and in the host will change in response to the presence of MPs. In
the treatments with Cr (VI) we expect mortality close to the 50%
of the population because the concentrations used in this
experiment are lower than the LC50 of D. magna and other
water invertebrates (Kim et al., 2002; Vargas and Dussán 2016;
Zhou et al., 2021). As Cr (VI) is a very toxic pollutant we expected
a decrease in microbial diversity.

MATERIALS AND METHODS

Water Sampling
River water was collected from River Fyrisån, Uppsala Sweden
(59°50′31.3″N 17°39′22.9″E). The water was collected in 20 L
plastics containers from the river at both 50 cm and 3 m depth
using a ruttner sampler near the shore on both sides of the river.
The plastics containers and other intruments were acid-washed
and/or rinsed meticulously with MilliQ prior to use. The water
was filtered with 165 µm mesh to remove phytoplankton,
zooplankton and other big particles. In the lab the water from
the two depths was mixed and filtered again with a 47 mm binder
free glass fiber filter for further use.

Daphnia Culture Conditions
D. magna were grown in dechlorinated tap water in a 70 L tank in
aerated water. Temperature was 20 ± 1˚C, and photoperiod was
16 h L: 8 h D. They were fed with Raphidocelis subcapitata algae.
The algae were grown in Modified Wright’s Cryptophyte MWC
medium (Guillard and Lorenzen 1972), This laboratory cultured
D. magna population had been kept for 5 years and was used as
model organism in the experiments.

Experimental Design
The study was carried out at room temperature (20°C ± 1) in glass
vessels with a 12 h L: 12 h D photoperiod. The effect of MPs and
Cr (VI) were tested in a fully factorial two-way design with two
levels of MPs (with or without) and three levels of Cr (VI) (0 ppm,
2 and 5 ppm) resulting in six treatments that were replicated
5 times (Supplementary Figure S1). To perform the experiment,
165 ml glass vessels were used containing 110 ml of river water
with 20 individuals of Daphnia in each replicate. The water was
collected downstream Uppsala river near to the water treatment
plant. Even if the contamination might be higher at this point in
the river the water there is relatively clean. We decided to work
with water that is closer to human activity to have more realistic
conditions. Therefore we decided to work with a very low
concentration of MPs. The MPs treatment had a
concentration of 1820 particles/mL (1 × 10−9 g/ml) of 1 µm
microplastic polystyrene-based latex spheres Fluoresbrite®
Yellow Green Microspheres (CAS# 0009003536, Polysciences,
Inc.) diluted in fresh water with a total volume of 110 ml. This
concentration is way lower than what has been previously
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reported, and similar or lower to what has been found in
contaminated rivers (Klein et al., 2015; Mani et al., 2015; Lu
et al., 2018; Jin et al., 2019; Costa et al., 2020; Varg et al., 2021).
MPs were centrifuged at 6,000 rpm and resuspended in
freshwater to remove the leached dye in the solution that
could have an extra effect not related to the MPs. The MPs
came packed with deionized water only. We used those particles
because the have been used as biomarkers (Rillig and Bonkowski
2018). Other reports suggested toxicity from additives such as
surfactants instead of the microplastics themselves (Heinlaan
et al., 2020). In our case, the particles are inert and non-toxic,
as additional compounds such as surfactants do not accompany
the MPs. The concentrations of Cr (VI) treatments (2 and 5 ppm)
where chosen base on previous studies of Cr (VI) in aquatic
invertebrates (Kühn et al., 1989; Kim et al., 2002; Vargas and
Dussán 2016). Analytical grade K2CrO4 (Sigma-Aldrich) was
used to archive the final concentration of 2 and 5 ppm in a
total volume of 110 ml of river water. The combined Cr (VI)
2 ppm-MPs and Cr (VI) 5 ppm- MPs treatments consist on the
aforementioned concentration of Cr (VI) and a concentration of
1,820 particles/ml of 1 µm of microplastic. Before placing the D.
magna in the treatment vessel, 10 ml of the experimental solution
was remove from the vessel and stored for determination of the
Cr (VI) concentration leaving a total of 100 ml of treatment
solution vessel. The experiment lasted 72 h and one daphnia was
sacrificed from each treatment at hour 40 for sequencing of the
microbiome. At the end of the experiment, the water from each
treatment was filtered with 0.2 µm filter for further microbial
analysis. Mortality was checked at 12, 18, 24, 28, 30, 40, 52, 66
and 72 h.

DNA Extraction and Library Preparation
DNA was extracted from the whole daphnia samples after
being rinsed with Milli Q water to remove the microbes
coming from the water. DNA was also extracted from the
0.2 µm filters to obtain only DNA of the water microbiota. In
both cases the DNA was extracted using DNeasy Powersoil
(Qiagen, No./ID: 12888-10) as recommended in the
manufacture’s protocol with an additional incubation at
65°C for 10 min after adding the C1 solution and
additional 30 min of the bead homogenizer step. The 16S
ribosomal RNA gene was amplified in a two-step PCR using
primer pair 515F and 805R that flanks the hypervariable
region V4. For the first step, PCRs were performed in
triplicate using Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific, No./ID: F-530XL). Thirty cycles
were performed following Phusion polymerase protocol.
Negative controls were run during DNA extraction and
16S PCR amplification to check for contamination.
Triplicate PCR products of each sample were pooled and
subsequently purified using AMPure XP magnetic beads for
Purification (Beckman Coulter, No/ID: A63882). For the
second step, Illumina adaptor sequences and barcodes were
attached to the PCR primers to provide each sample with a
unique identifier. Samples were then purified again using
magnetic beads, and the DNA concentration of each
samples was measured using Quant-iT PicoGreen dsDNA

Assay kit (Thermo Fisher Scientific, No/ID: P7589). An equal
concentration of DNA from each sample was pooled and run
through agarose gel. Then, 400–500 bp band was excised and
purified using the QIAquick gel extraction kit (Qiagen, No/
ID: 28104). PCR products were sequenced on IlluminaMiSeq
to obtain 250 bp paired-end reads at Science for Life
Laboratory (SciLifeLab, Uppsala, Sweden).

Statistical Analysis
Mortality
The effects of the different exposure treatments on the D. magna
mortality at 12, 18, 24, 28, 30, 40, 52, 66 and 72 h were analyzed
using Generalized Least Squares fit model (GLS). Percentage
mortality of D. magna was entered as response, time was
entered as a covariate, and the exposures to MPs (two level
factor: presence/absence) and Cr (VI) (three level factor 0, 2,
5 ppm) were entered as fixed factors. Finally, to account for
repeated measurements an autocorrelation structure of order
one was entered, with time as a continuous covariate and D.
magna vessel as a grouping effect. The model was performed
using the packages nlme (Pinheiro et al., 2020) for R statistical
Computing Language 3.6.2. Additionally, two quasipoisson
Generalized Linear Model (GLM) was used to test the
mortality due to the exposure to MPs and Cr (VI) in the
individual times 40 and 72 h. Post-hoc test were performed to
in all cases to observe differences between treatments using the
functions emtrends and emmeans of the R package emmeans
(Lenth 2020).

Microbiome
The amplicon sequence variant (ASV) Table from the D.
magna mirobiome was created using Demultiplexed data
from the SciLifeLab using the R package DADA2 and
following the pipeline 1.8 (Callahan et al., 2016). Taxa
diversity and the relative abundant phyla were calculated
using the R package lattice (Sarkar, 2008) and MASS
(Venables and Ripley, 2002). A phylogenetic, Shanon and
Chao diversity analysis were performed to obtain ASV
Abundance and ASV abundance and evenness as alpha
diversity measurements using the R packages fossil (Vavrek
2011), vegan (Oksanen et al., 2018), ape (Paradis and Schliep
2019) and picante (Kembel et al., 2010). To test the effect of the
treatments on the microbiome, linear models were carried out
using the diversity indexes as response variable and presence/
absence of MPs (2 level factor) and Cr (VI) (3 level factor).
Daphnia’s phylogenetic and Chao indexes were log 10
transformed to meet the requirements of the test. A post-
hoc test was carried out for pairwise comparisons using
emmeans R package. Moreover, a Principal Coordinates
Analysis (PCoA) was performed to visualize the beta
diversity among treatments. The effect of treatments were
then tested with a Permutational Multivariate Analysis of
Variance Using Distance Matrices (ADONIS) using the
vegan package in R (Oksanen et al., 2018), the ASV Bray-
Curtis distance matrix was used as response variable and MPs
and Cr (VI) as fixed factors. To investigate changes in the four
main microbial phyla a Multivariate Analysis of Variance
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(MANOVA) was performed using relative abundance of the
four main phyla as response variable and MPs and Cr (VI) as
fixed factors. To Observe the univariate changes of the four
main phyla Generalized linear models (GLM) were performed
using the relative abundance of each phyla as response variable
and MPs and Cr (VI) as fixed factors. All the statistical analyses
were executed in R statistical Computing Language 3.6.2 (R
Core Team 2020). The phylogenetic tree, and the
taxonomy plots were created using Qiime 1.9.9 (Caporaso
et al., 2012).

Determination of Cr (VI) Concentration
10 ml of the solution in each treatment and replicate was used to
measure the Cr (VI) concentration at the beginning and at the
end of the experiment using aMetrohm ion chromatography (IC)
system (883 Basic IC Plus and 919 Autosampler Plus). The IC was
set as follow: Metrosep A Supp 4/5-guard column and aMetrosep
A Supp 5 analytical column (150 × 4.0 mm). The separations were
performed using a carbonate eluent (3.2 mM Na2CO3 + 1.0 mM
NaHCO3) and a flow rate of 0.7 ml/min.

RESULTS

D. Magna Mortality
The control treatments and the MPs treatment showed similar
mean mortality rates (13.3 and 14.4%, respectively), at the end of
the experimental time. Daphnia mortality was 100% after 30 h in
both 5 ppm Cr (VI) treatments [5 ppm Cr (VI) alone and MPs +
5 ppm Cr (VI)], with both having similar trends over time
(Figure 1). In the time 40 h we observed that the treatments
of 5 ppm Cr (VI) and MPs + 5 ppm Cr (VI) have high mortality
mainly driven by Cr (VI) (Table 1; Figure 1). The post hoc test
showed that all treatments that contain 5 ppm Cr (VI) were
different from the other treatments but not between each other.
At 72 h, the mean mortality of Daphnia in 2 ppm Cr (VI)
concentration was 40% while MPs + 2 ppm Cr (VI) showed a
mean mortality of 74.4%. The GLS model that tested the effects of
the MPs and Cr (VI) across time showed that Cr (VI) and time
significantly affect the Daphnia mortality. The two-way
interaction of MPs and time, and Cr (VI) and time are also
significant but there is no significant interaction between MPs
and Cr (VI) (Table 1). The post hoc test for the aforementioned
model showed that there were significant differences between
select treatments (Supplementary Table S1). However, the
model that tested only at time 72 h showed significant effects
in the mortality of Daphnia for all the factors: MPs, Cr (VI) and
the two way interaction MPs + Cr (VI) (Table 1; Figure 1). The
contrast of the post hoc test at 72 h showed significant differences
between all the treatments except for the control and MPs, MPs
combined with 2 ppm of Cr (VI) and 5 ppm of Cr (VI) alone and
with MPs, and MPs combined with 5 ppm of Cr (VI) and 5 ppm
of Cr (VI). To see the post hoc tests, see Supplementary Tables
S1–S3.

Microbiome
The sequencing generated an average of 31091 reads per sample
and 1834401 reads in total. The microbiome in the daphnia and
in the water shows four main phyla in order of abundance:
Proteobacteria, Bacteroidetes, Actinobacteria, and
Verrucomicrobia for the daphnia and Bacteroidetes,

FIGURE 1 | Mortality of D. Magna exposed to MPs, two different
concentration of Cr (VI), and the combined treatment of MPs with both 2 and
5 ppm of Cr (VI) over the course of 72 h. The control treatment were not
exposed to either MP or any concentration of Cr (VI).

TABLE 1 |Results for themodels testing the effects of exposure toMPs, and to Cr (VI) and their interaction on themortality ofD.magna. The first model is a Generalized Least
Squares fitted linear model (GLS) that includes D magna ID as random effects and MPs, Cr (VI) and Time as a fixed factor. The second and third models are Generalized
Linear Model (GLM) as a subset of the first model taking into account only the time 40 and 72 h, respectively. Significant and marginally non-significant p-values are
highlighted in bold.

Models MPs Cr (VI) Time MPs: Cr (VI) MPs: Time Cr (VI): Time MPs: Cr (VI): Time

Complete
F 1.030 469.483 271.897 1.571 3.948 50.626 2.327
p-value 0.31107 <0.001 <0.001 0.210 0.048 <0.001 0.0996

40 h
χ2 0.04 556.67 — 3.72 — — —

p-value 0.8511 <0.001 — 0.1559 — — —

72 h
χ2 15.860 355.150 — 6.500 — — —

p-value 0.015 <0.001 — 0.004 — — —
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FIGURE 2 | Changes in microbial diversity indexes, in Daphnia (left panel) and in the water (right panel), measured as Chao index (A,B), Shannon index (C,D),
Phylogenetic diversity index (E,F), to the exposure to MP and/or Cr (VI). The control replicates were not exposed to either MP or Cr (VI). Error bars represent standard
error. The violin shape represents the kernel density, showing the probability density of the data. Significant differences between treatments were tested using post-hoc
Tukey tests and are indicated with asterisks (ppp: p-value < 0.001; pp: 0.001 < p-value < 0.01; p: p-value < 0.05; •: 0.05 < p-value < 0.09).
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Proteobacteria, Actinobacteria, and Tenericutes for the water
(Supplementary Figure S2).

Alpha diversity
Alpha diversity (Chao, Shannon, as well as phylogenetic
diversity), in both water and in Daphnia decreased in the
presence of Cr (VI) (Figure 2; Table 2). The pairwise
comparison of the post hoc test in the daphnia showed only
significant differences in the phylogenetic diversity between the
treatments (Figure 2, Supplementary Table S4). On the other
hand, in the water the post hoc test did not show significant
differences in the phylogenetics diversity but in the Chao and
Shannon diversity: (Figure 2, Supplementary Table S4)

Beta Diversity
The Daphnia microbiome showed separation in four apparent
clusters 1) for the control, 2) for the MPs, 3) for the treatments
with 2 ppm Cr (VI) and 4) for the treatments with 5 ppm Cr
(VI) (Figure 3). The Daphnia microbial beta diversity was
significantly affected by the exposure to Cr (VI), and by the
two way interaction of MP × Cr (VI). MP showed a marginal
non-significant effect on beta-diversity of the Daphnia
microbiome (Table 2). In the water the microbiome showed
two clusters 1) for the control and MPs and 2) for all the rest of
the treatments that contain Cr (VI) (Figure 3). The water beta
diversity was significantly affected only by the Cr (VI) exposure
(Table 2).

TABLE 2 | Results of the model testing effects of exposure to MPs as a binomial factor (presence-absence), exposure to Cr (VI) as a three level factor (0, 2 and 5 ppm), and
the two-way interaction on the diversity indexes (Chao, Shannon and Phylogenetic). The results for the PERMANOVA of the microbial composition are also included at
the end of the table. Significant and marginally non-significant p-values are highlighted in bold.

Daphnia Water

Df MPs Df Cr(VI) Df MPs:
Cr(VI)

Df MPs Df Cr(VI) Df MPs:
Cr(VI)

Chao Chao
F1,24 0.285 2,24 4.475 2,24 2.262 F1,23 1.058 2,23 34.789 2,23 1.151
p-value 0.598 0.022 0.126 p-value 0.314 <0.001 0.334
Shannon Shannon
F1,24 0.089 2,24 5.570 2,24 0.213 F1,23 1.974 2,23 10.098 2,23 0.365
p-value 0.768 0.010 0.81 p-value 0.173 <0.001 0.698
Phylogenetic Phylogenetic
F1,24 0.954 2,24 20.308 2,24 1.386 F1,23 0.689 2,23 3.526 2,23 1.441
p-value 0.338 <0.001 0.269 p-value 0.415 0.046 0.257
Permanova Permanova
F1,24 1.965 2,24 10.540 2,24 2.672 F1,23 1.025 2,23 18.258 2,23 0.745
p-value 0.080 0.001 0.004 p-value 0.358 0.001 0.646

FIGURE 3 | Principal Coordinates Analysis showing the clusters of microbial composition in the Daphnia (A) and in the water (B). The microbial composition is
clustered according to experimental treatment.
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Main Microbial Phyla
The main microbial phyla in Daphnia was significantly
affected by MP, Cr (VI) and the interaction between MP ×
Cr (VI) (Table 3). On the other hand the four main
microbial phyla in the water were only affected by the
exposure of Cr (VI) (Table 3). Looking at the individual
microbial phyla in Daphnia; the relative abundance of
Proteobacteria increased in the presence of Cr (VI) whereas
Bacteroidetes was affected both by the exposure to Cr (VI) and
by the interaction of MP × Cr (VI) (Table 4). There was also a
non-significant effect from MP exposure on Bacteroidetes.
Both Actinobacteria and Verrucomicrobia relative
abundances was negatively affected by the exposure of MPs
alone and Cr (VI) alone (Table 4). The post hoc test showed
differences between treatments in all the four main phyla
(Figure 4). In the water, only Cr (VI) exposure affected
Bacteroidetes, Proteobacteria and Actinobacteria whereas
Tenericutes was not affected by any of the factors (Table 4).
The post hoc showed significant differences between
treatments only in Bacteroidetes and Proteobacteria
(Figure 5).

Cr (VI) Concentration
The concentration of Cr (VI) in the treatments with Cr (VI) alone
decreased between an average of 1.8% for the 2 ppm Cr (VI)
treatment and an average of 5.6% for the 5 ppm Cr (VI)
treatment. When the MPs are in the solution with Cr (VI)
there is an apparent increase of Cr (VI) of an average of
16.4% for the MPs + 2 ppm Cr (VI) treatment and 11.1% for
the MPs + 5 ppm Cr (VI) treatment (Figure 6).

DISCUSSION

Effects on Daphnia Mortality
MPs
We show here that effects of the polystyrene-based latex sphere
MPs on the mortality of D. magna are low and similar to the
control treatments. This is not surprising because MPs depending
on the material can be inert particles that do not have a direct
toxic effect (Cole et al., 2015; Carbery et al., 2018; Wagner and
Lambert 2018). However it has been found previously that MPs
can have negative effects on different life history traits of D.
magna (Ma et al., 2016; Rist et al., 2017; Felten et al., 2020). For
example, Aljaibachi and Callaghan (2018) showed that MPs
affects reproduction and mortality depending on food
availability. Nevertheless, the effects that the MPs might have
depend highly on the MPs material (Ma et al., 2016; Aljaibachi
and Callaghan 2018; Lei et al., 2018). For example, Lei et al. (2018)
found that polyvinyl chloride MPs have direct toxic effects on
Zebra fish. Another important factor that might contribute to the
negative effects of MPs is the size of the MPs. Ma et al. (2016)
found that nano-plastics tend to be more harmful than MPs to D.
magna. In the same way, the shape can also influence the negative
effect of the MPs. In our experiment we use 1 μm MP with very
defined spherical shape that could explain the low mortality
that we had in our experiment. However we cannot discard the
possibility that spherical MPs could cause some physical
damage. MPs with more needle-like shapes could attach
easily to internal and external surfaces. Depending on the
size and shape MPs could generate physical irritation as
indirect effects. Smaller angular shapes could be more

TABLE 3 |Results of themodel testing effects of exposure toMPs as a binomial factor (presence-absence), exposure to Cr(VI) as a three level factor (0, 2 and 5 ppm), and the
two-way interaction on the relative abundance of the four main microbiota phyla in the Daphnia and in the water (MANOVA). Significant and marginally non-significant
p-values are highlighted in bold.

Daphnia Water

Pillai approx F Df p-value Pillai approx F Df p-value

MPs 0.490 5.044 4,21 0.005 0.103 0.573 4,20 0.715
Cr(VI) 1.001 5.513 8,44 <0.001 1.017 5.428 8,42 <0.001
MPs x Cr(VI) 0.601 2.363 8,44 0.033 0.150 0.426 8,42 0.898

TABLE 4 |Results of themodel testing effects of exposure toMPs as a binomial factor (presence-absence), exposure to Cr(VI) as a three level factor (0, 2 and 5 ppm), and the
two-way interaction on the relative abundance of the individual four main microbiota phyla. Significant and marginally non-significant p-values are highlighted in bold.

Daphnia MPs Cr (VI) MPsxCr (V) Water MPs Cr (VI) MPsxCr (VI)

Proteobacteria Bacteroidetes
χ2 1.5878 16.873 3.359 χ2 0.730 54.711 1.098
p-value 0.195 <0.001 0.186 p-value 0.393 <0.001 0.5774
Bacteroidetes Proteobacteria
χ2 2.818 18.175 10.430 χ2 0.322 31.367 0.490
p-value 0.093 <0.001 0.005 p-value 0.570 <0.001 0.783
Actinobacteria Actinobacteria
χ2 36.558 94.121 1.105 χ2 0.4790 15.289 0.614
p-value <0.001 <0.001 0.576 p-value 0.489 <0.001 0.736
Verrucomicrobia Tenericutes
χ2 4.589 54.655 0.430 χ2 0.659 0.536 3.258
p-value 0.032 <0.001 0.806 p-value 0.417 0.765 0.196
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difficult to dislodge than smooth spherical shapes blocking
important organs such as gills and the digestive track (Wagner
and Lambert 2018).

Cr (VI)
The toxicity of Cr (VI) have been highly studied (Barnhart 1997;
Kim et al., 2002; Hose et al., 2016; Bojarski et al., 2021). The
mortality from Cr (VI) that we found in this experiment is in
line with other studies on aquatic invertebrates (Kim et al.,
2002; Vargas and Dussán 2016; Zhou et al., 2021). It is
interesting to see how 5 ppm of Cr (VI) resulted in 100%
mortality of D. magna at 40 h while 2 ppm of Cr (VI) resulted
in almost no mortality for that time. But highly increase few
hours after showing the effect that a chronic exposure of a

pollutant such as Cr (VI) can have (Zhou et al., 2021). Similar
effects of 2 ppm of Cr (VI) in a different organism have been
reported before in another study that used sublethal
concentration of Cr (VI) to test the activity of a surface
bacterial protein in Cr (VI) adsorption and in the
mortality of mosquito born disease larvae (Vargas and
Dussán 2016).

MPs and Cr (VI) Combined
We showed here that MPs can enhance the negative effect of
sublethal concentration of Cr (VI). At 5 ppm of Cr (VI) the
concentration of Cr (VI) was so high that it was hiding the
effects that the MPs might have when combined with Cr (VI).
However, for the 2 ppm concentration of Cr (VI), the synergistic

FIGURE 4 | Relative abundance of the four top phyla in the Daphnia microbiome, Proteobacteria (A), Bacteroidetes (B), Actinobacteria (C), and Verrucomicrobia
(D) for the different experimental treatments. Error bars represent standard error. The violin shape represents the kernel density, showing the probability density of the
data. Significant differences between treatments were tested using post-hoc Tukey tests and are indicated with asterisks (ppp: p-value < 0.001; pp: 0.001 < p-value <
0.01; p: p-value <0.05; •: 0.05 < p-value < 0.09).
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effect of MP and CR (VI) became clear, especially at 72 h.
Similar effects with other micropollutants have been reported
before. For example Felten et al. (2020) showed that MPs
increase the negative effect of a pyrethroid pesticide in D.
magna. This agrees with the known interaction between MPs
and hydrophobic organic chemicals (HOCs) such as
pyrethroids, making HOCs more bioavailable, working as a
vector for HOCs to further ingestion (Rochman et al., 2014).
The interactions and the effects that the MPs might have depend
on the chemical/toxicant that the MPs are interacting with
(Wagner and Lambert 2018; Felten et al., 2020). Here we
show that the association of polystyrene-based latex sphere
MPs with metal ions such are Cr (VI) can highly increase Cr
(VI) toxicity on D. magna. Even though unchanged and

cleaning effects (i.e., MPs adsorbing toxicant and
consequently reducing exposure) have been reported before.
These studies that have been focused on HOCs (Koelmans et al.,
2013; Horton et al., 2018; Liu et al., 2020; Menéndez-Pedriza and
Jaumot 2020), might explain the observed phenomena of Cr(VI)
increment in the presence of MPs. In this scenario, MPs and D.
magna works as adsorbent up taking Cr(VI) that could not be
measured at the beginning of the experiment. In this way,
Cr(VI) could be released after achieving the maximum
adsorption capacity as part of the adsorption-desorption
process and be measured at the end of the experiment
(Gupta and Rastogi 2008; Janmohammadi et al., 2021).
Studies on MPs and metals are scarce and this would need
more attention before any conclusions could be drawn.

FIGURE 5 | Relative abundance of the four top phyla in the wáter microbiome, Proteobacteria (A), Bacteroidetes (B), Actinobacteria(C), and Verrucomicrobia(D)
for the different experimental treatments. Error bars represent standard error. The violin shape represents the kernel density, showing the probability density of the data.
Significant differences between treatments were tested using post-hoc Tukey tests and are indicated with asterisks (ppp: p-value < 0.001; pp: 0.001< p-value < 0.01; p:
p-value < 0.05; •: 0.05< p-value < 0.09).
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Effects on the D. Magna Microbiome
Studies of host-microbiota exposed to toxic metals are scarce
but this exposure is likely to exert an unbalance on the resident
microbial taxa in the host (Breton et al., 2013; Richardson et al.,
2018; Assefa and Köhler 2020). In our experiment is clear that
the microbial alfa diversity of Daphnia was mainly affected by
the Cr(VI) exposure. This effects can be explained by that
Cr(VI) can change the micro environmental conditions such as
oxygen availability, redox potential leading to a changes in
microbial communities to more Cr(VI) resistance bacteria
(Assefa and Köhler 2020). However, a previous study testing
the effects of toxic metals in gut microbiome found that
chromium had a weak impact on the gut microbiome,
especially compared to other metals such as arsenic,
cadmium, and nickel but still impacting the host physiology
(Richardson et al., 2018). Our result show that both host
mortality and microbiome are highly affected by the
exposure of Cr(VI). The differences between the study of
Richardson et al. (2018) and our experiment can be a result
of the intrinsic differences between hosts. In our case we work
with wild aquatic invertebrate, D. magna, while they work with
laboratory raised rats. Another possibility for the difference is
that the chromium oxidation state used in their experiment is
different compared to the Cr(VI) used in our study. This might
result in lower toxicity as well as lower changes in the host-
microbiome. Surprisingly, we did not find significant changes
in the alpha microbial diversity to the exposure of MPs.

Previous reports have found changes in the alpha microbial
diversity in response to MPs exposure on free living
microorganism (Zettler et al., 2013; Jin et al., 2019).
However, we did find significant changes in microbial beta
diversity to the exposure of MPs, Cr(VI) and the combined
exposure of MPs + Cr(VI). This indicates that the overall
microbial community is changing in response to the effect of
MPs and/or Cr(VI). Similarly, we also found drastic changes in
the relative abundance of the main phyla. These changes in
each phylum can be due to the increase of bacteria with
resistance mechanism to tolerate Cr(VI) or with the ability
to use MPs as a carbon source. For example, the phylum
Verrucomicrobia increase in the presence of MPs but
decrease in presence of Cr(VI). Therefore, the removal or
retention of properties in the microbiota might be highly
influenced by the pollutant itself (Breton et al., 2013),
however we should not discard the selection pressures that
are exert by the host to maintain certain bacterial
properties (Foster et al., 2017). In this way both host and
pollutant might exert selective pressure on the microbial
communities.

Effects on the Water Microbiome
The water microbiome showed effects only to the exposure of
Cr(VI). As mentioned before, Cr(VI) is highly toxic and can
have huge influence on the bacterial phyla composition
(Breton et al., 2013). Free-living bacteria have been
differentiated from bacteria that is forming a biofilm on
plastics (Didier et al., 2017; Jacquin et al., 2019). However,
we did not observe any significant changes in the water
microbiome to the exposure of MP. The lack of these effects
can be related to the microbes that were originally in the water
where we used river water collected next to the treatments
plant effluents that have some degree of pollution. Even if this
pollution is low, it might be that the microbes in the water were
already able to colonize or degrade MPs decreasing the impact
of the MPs disturbance in the water microbiome.

CONCLUSION

In summary, we tested direct mortality effects of 1 µm
polystyrene-based latex sphere MPs, Cr(VI), and the
combination of MPs and Cr(VI) in D. magna as well as the
effects on the Daphniamicrobiome and the water microbiome.
We found that a synergistic interaction between MPs and
Cr(VI) affecting the Daphnia mortality. MPs and Cr(VI)
also influenced host microbial community composition. The
results provide novel insights related to pollutant effects
directly on mortality and on host-microbiome. We suggest
that future studies should be focused on the effects of metal co-
ions interactions together with MPs as well as the effects on the
functional content of host-microbiome and its changes due to
pollutant exposure, through metatranscriptomics tools.
Therefore in the future, we hope that host-microbiome and
the interaction with anthropogenic pollutants can be studied at
the functional level. In this way for example it will be possible

FIGURE 6 | Residual Cr (VI) concentration in each treatment. Cr (VI) was
measured at the beginning and at the end of the experiment and then
subtracted to obtain the residual concentration of Cr (VI). The treatments
Control and MPs were also measured but Cr (VI) was not found in the
samples as expected. Error bars represent standard deviation.
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to test if the changes of bacterial taxa are related to loss of
function or if the host is still keeping bacteria with similar
traits and with the ability to tolerate the pollutant in the
environment.
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