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Abstract: The widespread occurrence of microplastics (MPs) has resulted in their interaction with
biological processes. Thus, there is a great concern about the potential toxicity of MPs on animal and
plant cells and on the possibility that MPs reach humans through the food web. In order to shed
light on both issues, laboratory assays were performed for evaluating the effects of polyethylene (PE)
microparticles on the aquatic plant Spirodela polyrhiza (L.) Schleid. and the gammarid Echinogammarus
veneris (Heller, 1865). Moreover, a stock of MP-treated Spirodela plants was used to feed gammarid
individuals, and the presence of MP particles in their digestive tracts was analyzed. Results evidenced
the lack of toxic effects of MPs on plants, evaluated at growth and physiological level by biometric
parameters, pigment content, and photosynthetic performance estimated by chlorophyll fluorescence
imaging through the ETPT (EcoTox Photosystem Tool). Only a slight reduction in pigment-related
indices in MP-treated plants was observed. A remarkable genotoxic effect was instead highlighted
by Comet assay in the hemocytes of gammarid individuals exposed to MPs, with three times more
DNA damage (expressed as Tail Moment) in MP-treated individuals compared to control ones.
Finally, the gut content of the gammarids fed with MP-treated plants revealed the presence of
7.6 MP particles/individual, highlighting the occurrence of trophic transfer of MPs among freshwater
ecosystem organisms. Novel indications about the potential impact of the PE microparticles in the
aquatic compartment are provided. Notably, the transfer of MP particles between primary producer
and primary consumer organisms of the freshwater trophic chain and the genotoxic effects associated
with the ingestion of such particles by gammarids are issues of concern for the aquatic ecosystem and
the food web leading to the human diet.

Keywords: amphipods; aquatic ecosystem; aquatic toxicology; comet assay; duckweeds; plant
physiology

1. Introduction

The release and accumulation of plastic debris in both terrestrial and aquatic com-
partments represent environmental threats of growing concern for the ecosystem and
human health. In fact, beyond its occurrence and persistence in the environment [1], even
extreme [2,3], the physical or biological degradation of plastic debris into smaller particles
is of great interest to the potential bioavailability and toxicity to marine [4,5] and freshwater
organisms [6]. Microplastics (MPs), either native or resulting from the above reported
processes, can be categorized by their size (1 µm to 5 mm) [7] or, beyond their size, by other
characteristics such as shape, color, origin, and chemical composition [8]. At the research
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level, a primary focus on the presence and the hazards associated with MPs has been placed
on the marine environment, and much of the literature is devoted to the matter [9,10]. On
the contrary, the extensive MP contamination and adverse effects on soil [11,12] have been
largely overlooked, and only recently has there been a surge of freshwater studies evidenc-
ing MP abundance and dispersion in freshwater compartments [13,14]. The accumulation
of MPs in natural habitats has been evidenced as a threat to the resident animal organisms,
which can ingest them by mistaking them as food [2,15], or the MPs can accumulate in
the animal organisms’ bodies by filtration [16,17]. There is a lack of understanding of
their possible biological effects and consequences on their associated food webs [18] and,
despite the recent literature on Lemna minor [19], Spirodela polyrhiza [20], and Gammarus
duebeni [21,22], the fate and toxicity of MPs in freshwater primary producers are still to be
elucidated. An expansion of knowledge about the impact of these materials on the aquatic
ecosystem is therefore needed. In the present work, two model organisms (belonging to
duckweeds and gammarids) of the freshwater compartment are targeted for measuring the
effects of PE microparticles at the ecotoxicological and genotoxic levels and highlighting a
possible trophic transfer between them.

Duckweeds (Lemnaceae family) are free-floating aquatic tiny plant species charac-
terized by high multiplication rates, susceptibility to pollutants, and importance in the
aquatic food web as primary producers. They are commonly used as model aquatic plants
in toxicity testing procedures of various inorganic and organic chemicals and their mix-
tures [23,24] and as bioindicators of water quality [25,26]. A growing interest in duckweeds
as a tool for evaluating MP toxicity and trophic transfer in the freshwater ecosystem has
recently emerged [6]. In this regard, Kalčíková et al. [27] observed that in Lemna minor the
leaf growth rate and content of photosynthetic pigments were not affected by polyethylene
(PE) microbeads whereas the exposure to MPs significantly reduced the root growth by
mechanical blocking, a result also highlighted by Kokalj et al. [28] for aged and pristine
MPs. Moreover, Dovidat et al. [20] did not highlight any significant effects of MPs and
nanoplastics (NPs) on growth and chlorophyll production in Spirodela polyrhiza. No frond
growth impairment, following treatment with different MP types, on L. minor was also
reported [29]. Finally, Xiao et al. [30] suggested that in L. minor the long-term presence of
NPs might induce variations in the transcription level representing a potential threat to
floating microphytes and aquatic ecosystems.

Beyond a direct effect of MPs on biological organisms, MPs are also suspected of acting
as a carrier for other contaminants, especially heavy metals that can be sorbed and released
within the cells (i.e., the “Trojan horse effect”) [31]. A recent review [32] highlighted that
simultaneous exposure to MPs and heavy metals affects chlorophyll content, photosynthetic
activity, and reactive oxygen species levels in plants.

In the aquatic environment, the combined effects of PE and Cu on macrophytes was
recently reported by Zhou et al. [33], discussing the role of PE in transferring Cu and its
toxic effects to plants. The direct or indirect influence on the physiology and growth of
S. polyrhiza and L. minor plants by the concomitant exposure of MPs and the antibiotic
ciprofloxacin was reported by Mao et al. [34]. Ecotoxicological effects on the aquatic
macrophyte Salvinia cucullata were also reported by Yu et al. [35] as a synergistic action
between MPs and the herbicide glyphosate.

Although aquatic macrophytes are hypothesized to be a major temporary sink for MPs,
and MP ingestion is mainly reported in grazer and filter feeder organisms, contamination
in primary producers is rarely investigated [36]. In this context, Mateos-Cardenas et al. [21]
reported that PE microparticles strongly adsorbed to L. minor fronds, without toxic effects,
and a small number of them were transferred to the gammarid Gammarus duebeni with no
apparent impact on mortality or mobility.

Gammarid amphipods (Crustacea, Amphipoda) are primary consumers, detritivorous
and polyphagous, representing a key link in trophic webs [37]. They are often dominant as
biomass, significantly contributing to the energy flow by decomposing organic material, as
in leaf litter breakdown [38], and also being an important source of food for many species
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of invertebrates, fishes, and birds. Due to their trophic roles, they can interact with MPs
and consume them by mistaking them for food particles, thus constituting entry points
for MPs, making them available to the higher levels of the food web, potentially up to
humans [39,40]. MP ingestion in amphipods has already been documented in several
taxa, in the deep sea [41], polar areas [2], and semiterrestrial species [17], and studies
have tested MP toxicity on them. Specifically, a significant reduction in growth of the
amphipod Hyalella azteca after polypropylene (PP) exposure [42] and in the assimilation
efficiency of Gammarus fossarum after polyamide (PA) treatment was reported [43]. However,
polyethylene terephthalate (PET) and polylactic acid (PLA) foils caused no effects on
mortality, feeding, and behavior in the same species [44]. Amphipods are commonly
used as model organisms in ecotoxicology, being sensitive to different types of aquatic
pollution [45], and are bioindicators for assessing water quality [46]. Their utilization in the
present experimental approach is of great relevance for the ecological implications in the
freshwater compartment of the novel findings reported in this work.

The evaluation of the toxicity of MPs on aquatic primary producers and primary
consumers/decomposers, and their potential role as entry points for MPs in the trophic
chain of the freshwater ecosystem, is certainly an issue of extreme importance [19,47].
Nonetheless, to our knowledge, only one work dealing with this matter is present in
literature [21] focusing on L. minor and Gammarus duebeni. Therefore, in the present work,
an expansion of knowledge on the role of MPs as potential toxic agents entering the
freshwater food web was targeted by evaluating the possible MP adsorption on duckweed
fronds and trophic transfer to a gammarid amphipod, paralleling the MP ecotoxicity and
genotoxicity. For this scope, by using a particular experimental set-up [48], the direct
effect of MPs on duckweed (Spirodela polyrhiza L.) fronds at the morpho physiological
level was assessed. Specifically, biometric parameters, pigment content and photosynthetic
performance estimated by chlorophyll fluorescence imaging, were analyzed. A stock of
plants was subsequently used to feed the gammarid (Echinogammarus veneris) and quantify
the possible MP uptake. As a novel methodology, this experimental approach allows for
measuring the effects of MPs on the same plant individuals successively put in contact with
the amphipods. After direct exposure of E. veneris to MPs, we assessed the DNA damage
induced through Comet assay on hemocytes. The genotoxic effects of MPs have been rarely
explored, and there are no data on amphipods, although they are increasingly used as
model organisms in ecotoxicological studies [49,50].

In this work, an expansion of knowledge on the role of MPs as potential toxic agents
entering the freshwater food web was targeted, with a slight reduction in pigment-related
indices in plants and a notable genotoxic effect in gammarids put in evidence. As a
representative component of the MPs in the aquatic environment, PE was chosen as one of
the most diffused in the Italian freshwater compartment [51].

The responses of these two model species will help to understand their vulnerability
to MP exposure and the mechanisms underpinning organismal responses to MP pollution
in freshwater ecosystems. This information is of the utmost importance to more precisely
understand the impact of the MP presence in the aquatic environment from an ecological
and toxicological point of view. Furthermore, the food web relationship between the two
model species used in this work and other organisms within the trophic chain leading to
humans may pose great concern as a result of the adverse effects possibly occurring for
human health.

2. Material and Methods
2.1. Microplastic, Reagent and Chemical Characteristics

All the experiments were performed using polyethylene as the main polymer pro-
duced in the world, the main constituent of MPs found in freshwater ecosystems [14] and
more frequently ingested by amphipod species [18,41]. The product (code 434272; Sigma-
Aldrich, St. Louis, MO, USA) is characterized by particles of 40–48 µm size, ultra high
molecular weight, and density of 0.94 g/mL (Figure S1 (Supplementary Materials)). All the
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reagents and chemicals (Sigma-Aldrich, St. Louis, MO, USA) used in the experiments are
characterized by the analytical grade (97–99% purity).

2.2. Spirodela polyrhiza–Growth and Experimental Treatment

The stock culture of S. polyrhiza fronds were long maintained and prepared for the
experiments as previously described [24]. Covered Pyrex glass Petri plates (110 mm
diameter, 16 mm height), previously autoclaved, were filled with sterile 50 mL one-fifth
strength Hoagland’s nutrient solution (pH 6.5) containing 400 mg/L PE powder (approx.
50,000 MP particles/mL) and 0.0005% Tween 20 [21]. Petri plates without MPs were used as
control. As in a preparatory study, no effects of 0.0005% Tween 20 solution on plants were
observed; a control thesis without Tween 20 was not arranged. Five homogenous Spirodela
fronds were transferred to each plate that was placed on a rotary plate (50 rpm) in a growth
chamber (25 ◦C, 16 h light/8 h dark, 60 µmol m−2 s−1) for 168h (7 days). All the operations
were performed under a laminar flow cabinet to minimize accidental contamination.

2.3. Echinogammarus veneris–Growth and Experimental Treatment

The Circum-Mediterranean gammarid Echinogammarus veneris (Heller, 1865), typical of
oligo and oligo-mesotrophic waters [52], is considered sensitive to environmental stress and
recently it was suggested for ecotoxicological studies [53,54]. Specimens of Echinogammarus
veneris were sampled with a hand net from the spring Fontana di Muro (Pontinia, Latium),
transferred in laboratory and maintained as in Cosentino et al. [55].

2.4. Plant Biometric and Physiological Traits Evaluation

By using the EcoTox Photosystem Tool (ETPT) [48], the main growth parameters and
the physiological state of the photosynthetic apparatus of S. polyrhiza fronds were measured
in real time and in a non-destructive way through the acquisition of whole plant imaging for
chlorophyll fluorescence (Imaging PAM, Walz, Germany) under different light intensities.

At the beginning (t0) and at the end of the experiment (7 days, t7), a set of biometric
parameters was determined through whole plant imaging and data processing by an imag-
ing analysis software (ImageJ, IJ 1.46r, http://imagej.nih.gov/ij/ (accessed on 2 September
2021)) as in Pietrini et al. [56].

Concomitantly, chlorophyll fluorescence parameters and their associated images were
measured on S. polyrhiza plants to evaluate the performance of the photosynthetic appara-
tus [57]. The parameters of chlorophyll fluorescence reported in Figure 1 were measured
and calculated as previously reported [58]. Moreover, by applying the modified equation
of Evans [59], the chlorophyll content was obtained [60].

http://imagej.nih.gov/ij/
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Figure 1. Near infrared (NIR) and chlorophyll fluorescence images of maximum quantum yield of 
PSII photochemistry (Fv/Fm) in dark-adapted fronds and the quantum efficiency of PSII 
photochemistry (ΦPSII) and non-photochemical quenching (NPQ) at steady-state with actinic 

Figure 1. Near infrared (NIR) and chlorophyll fluorescence images of maximum quantum yield of PSII
photochemistry (Fv/Fm) in dark-adapted fronds and the quantum efficiency of PSII photochemistry
(Φ PSII) and non-photochemical quenching (NPQ) at steady-state with actinic illumination of 60 µmol
photons m−2 s−1 measured at the end of the experiment (7 days) in fronds of Spirodela polyrhiza L.
treated with MPs. Treatments are: C (plants grown in Hoagland’s nutrient solution without MPs);
MP (plants grown in Hoagland’s nutrient solution with MPs). The false color code depicted at the
bottom of the image ranges from 0.000 (black) to 1.000 (pink).
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Furthermore, to provide detailed information on the saturation characteristics of
electron transport, as well as the overall photosynthetic performance of S. polyrhiza plants,
the light-response curves (LCs) of the electron transport rate (ETR) were obtained by
exposing the plants to five increasing irradiance levels, from 60 to 410 µmol m–2 s–1. By
fitting the LCs to the equation of Platt et al. [61], the parameters reported in Figure 2
were calculated.
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distance (0.5 cm) to the plant layer in order to assure a field of view (FOV) of 

Figure 2. Light-response curves of the electron transport rate (ETR) in Spirodela polyrhiza L. fronds
treated with MPs for 7 days. Treatments are: C (plants grown in Hoagland’s nutrient solution
without MPs); MP (plants grown in Hoagland’s nutrient solution with MPs). Data points and vertical
bars represent means (n = 3) ± Standard Error, respectively. At each light intensity, no significant
differences in ETR values between treatments were observed (p ≤ 0.05), ns = not significant.

At the end of the experiment, on the same plant material used for the biometric and
chlorophyll analyses, leaf reflectance spectra were obtained in the spectral range 350–1025
nm by using the ASD FieldSpec 3 spectroradiometer (Analytical Spectral Devices Inc.,
Boulder, CO, USA). Data were sampled at intervals of 1.4 nm with a spectral resolution of
3 nm and a white reference panel (Spectralon) was used to calibrate spectral measurement.
An external 50 W halogen lamp was set up with an illumination angle of 45◦. Specifically,
the gun probe was placed on a stand unit orthogonally to the plate, respecting a fixed
distance (0.5 cm) to the plant layer in order to assure a field of view (FOV) of approximately
2 mm (using a 25◦ bare fiber-optic). Reflectance spectra were recorded as the ratio of sample
data to white reference data under the same illumination and viewing conditions. The
mean of the five spectra was determined to provide a single spectral value. Reflectance
data can be converted into estimates of important plant biophysical and ecophysiological
traits by calculating different spectral reflectance indices. Six spectral reflectance indices
were derived from the collected data, according to the following equations where R is
the reflectance value measured in each band expressed in nm that is indicated by the
subscript number:

- Photochemical Reflectance Index (PRI) = (R531 − R570)/(R531 + R570) [62]
- Pigment Specific Simple Ratio a (PSSRa) = (R800)/(R680) [63]
- Pigment Specific Simple Ratio b (PSSRb) = (R800)/(R635) [63]
- Pigment Specific Simple Ratio c (PSSRc) = (R800)/(R470) [63]
- Normalized Phaeophytinization Index (NPQI) = (R415 − R435)/(R415 + R435) [64]
- Anthocyanin Reflectance Index (ARI) = (1/R550)/(1/R700) [65].
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2.5. Evaluation of MP Transfer from S. polyrhiza to E. veneris

Preliminary trials revealed the maximum density of MP particles adsorbed on S.
polyrhiza plants after 24 h of exposure (Figure 3). Thus, the trophic transfer experiment
was performed by carefully removing the plant colonies from the Petri plates (see 2.2) after
24 h and placing them in a Petri plate with distilled water. Plants were immersed, gently
shaken and then put in a glass container to be transferred for the confirmation of the MP
adsorption by microscope (Leica DM750; Wetzlar, Germany) at 40× magnification with
a Digital HD camera (Leica ICC50HD; Wetzlar, Germany). The same plants were used to
feed the amphipod Echinogammarus veneris. Fifty specimens were individually placed in
100 mL beakers filled with 100 mL tap water in the presence of a single S. polyrhiza plant
previously treated with MPs for 24 h (Figure S2). As a negative control, 15 specimens were
placed in the same conditions with untreated S. polyrhiza plants. Amphipods were kept
in the absence of food for 48 h prior to feeding to ensure starvation and overcome the gut
resident time, presumably similar to that demonstrated by Ugolini et al. [66] for the MPs
ingested by the talitrid amphipod Talitrus saltator (24 h). The procedures for MP staining
and observation were previously reported [18]. A procedural blank was also performed to
exclude contaminations, and no MPs were observed.
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2.6. Genotoxicity Test in E. veneris

Comet assay is utilized as a biomarker of exposure, it is a rapid and sensitive tool that
can be performed on different tissues and cell types and it has increasingly been used in
genotoxicity testing. This technique quantifies DNA damage through a gel electrophoresis-
based method [67]. The alkaline version of the Comet assay that enables the visualization
of DNA double and single strand breaks (DNA DSBs and SSBs), but also alkali-labile sites
(ALS), was performed in this study [68].

Five specimens were exposed to each condition: MPs in water (6 mg in 150 mL,
approx. 5000 MP particles/mL); MPs with water and Triton X-100 (6 mg in 150 mL +
0.5 µL); negative control 1 (water only); negative control 2 (water + Triton X-100). All
the experiments were replicated 2 times, using 150 mL glass beakers with 5 specimens
each. The Comet test was conducted after 24 h exposure time, analyzing 40 specimens
in total, following the procedure described in Cosentino et al. [55]. The images obtained
were analyzed by the software © 2017 TriTekCorp™ CometScore (Sumerduck, VA, USA),
version 2.0 measuring the Tail Moment (TM), defined as the product of the tail length and
the fraction of total DNA in the tail.

2.7. Statistics

Experiments on plants were set up taking into account the OECD 221 guidelines for
ecotoxicological test (7-day test, OECD 2006) [69]. Two independent experimental trials
were run, each consisting of three independent replicates per thesis, unless otherwise stated.
Normally distributed data were processed by one-way ANOVA in order to evaluate the
effects of the MP presence on plant endpoints at different time intervals, by using the SPSS
(Chicago, IL, USA) software tool. Statistical significance of the mean data was assessed by
LSD test (p ≤ 0.05), unless otherwise stated.

The results of the genotoxicity test on amphipods, expressed as TM values, were
presented as means ± SE, and analyzed using the statistical analysis program PAST3
(version 1.0.0.0., Oslo, Norway). Since the data were not normally distributed (Shapiro–
Wilk test), a nonparametric test (Kruskal–Wallis) was used in order to compare each
treatment with the relative control group and considered significant for p ≤ 0.05.

3. Results and Discussion

The effects of MPs on the growth of S. polyrhiza plants were evaluated by calculating
biometric indices, commonly used as proxies for toxicity assessment in duckweeds [56,60].
As clearly reported in Table 1, none of the indices showed a significant difference in MP-
treated plants in comparison to control ones at the end of the experimental time-course.
Specifically, no alteration in the frond area and number of plants was detected because of
the MP exposure. Consistently, no visible signs of toxicity were observed in the fronds of
MP-treated S. polyrhiza plants (data not shown). The lack of toxic effects on the growth
of duckweed plants exposed to MPs is consistent with the few reports dealing with this
issue in literature. Dovidat et al. [20] observed that the exposure of S. polyrhiza plants to
nano- and micro-sized polystyrene (PS) plastic particles resulted in unaltered growth and
Kalčíková et al. [70] reported no effects in the frond growth of L. minor treated with plastic
beads. More recently, Rozman et al. [71] showed the absence of toxic effects on the growth
of L. minor plants after their treatment with particles of various environmentally relevant
plastic types. It must be stressed that under lab experiments MPs cannot exert the role of
vector of other contaminants (i.e., the Trojan Horse effect) likely affecting the biological
processes on many aquatic organisms.
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Table 1. Biometric parameters measured in plants of Spirodela polyrhiza L. treated with PE MPs
for 7 days. Treatments are: C (plants grown in Hoagland’s nutrient solution without MPs); MP
(plants grown in Hoagland’s nutrient solution with MPs). Data are the mean values of 3 replicates ±
Standard Error (SE). A one-way analysis of variance (ANOVA) was applied and data followed by
different letters in the same column are significantly different (LSD test, p ≤ 0.05).

Treatment
Biometric Parameters

TFA (mm2) MFA (mm2) FN MR Td µ(t0–7)

C 1376 ± 54 23.349 ± 0.001 59.0 ± 2.6 79.5 ± 2.8 2.39 ± 0.03 0.171 ± 0.005
MP 1275 ± 50 23.322 ± 0.001 54.6 ± 2.1 74.8 ± 2.3 2.45 ± 0.03 0.160 ± 0.005

P 0.241 0.891 0.263 0.268 0.272 0.246

Notes: TFA–Total frond area; MFA–Mean frond area at the end of the experiment; FN–Total frond number; MR–
Multiplication rate, calculated on the basis of changes in FN. Td–Doubling time of frond number; µ(t0–7)–Average
specific growth rate, calculated on the basis of changes in FA.

Chlorophyll content has long been recognized as a valuable physiological endpoint
to be analyzed for ecotoxicological assessment in duckweeds [24,69]. Moreover, to better
describe the effects of suspected toxicants on the photosynthetic machinery, some eco-
physiological traits such as chlorophyll content [58], fluorescence parameters [72,73], and
spectral reflectance indices [74] were targeted in the literature. In Figure 1 and Table 2,
chlorophyll fluorescence parameters and their associated images were analyzed in S.
polyrhiza plants at the end of the MP treatment. Data reported in Table 2 highlighted that,
apart from a slight effect on chlorophyll content and leaf-absorptivity, the exposure of plants
to MPs did not alter the physiological state of the photosynthetic apparatus. In fact, no
significant differences in the chlorophyll fluorescence parameters (Fv/Fm, Φ PSII, NPQ, and
ETR) between control and treated plants were observed. It is noteworthy that, as reported
by Maxwell and Johnson [57], an Fv/Fm ratio in the range of 0.75 to 0.83 is the approximate
optimal value for many plant species, thus confirming that S. polyrhiza plants were not
affected by MP treatment. Therefore, the slight reduction in chlorophyll content and leaf ab-
sorptivity found in MP-treated plants did not cause any impairment to their photosynthetic
apparatus. Moreover, the representative images of the chlorophyll fluorescence parameters
(Fv/Fm, Φ PSII, and NPQ) in fronds of Spirodela (Figure 1) showed an almost homogeneous
pattern of distribution of chlorophyll fluorescence both in the control and treated plants,
highlighting the absence of detrimental effects at the photosynthetic level. Consistent with
these findings, no effect of MPs on plant photosynthetic performance was observed after
analyzing data of light-response curves (LCs) of electron transport rate (ETR) reported in
Figure 2 and Table 3. In fact, the pattern of LCs (Figure 2) was not affected by exposure
to MPs as confirmed by unchanged values of photosynthetic efficiency (α), maximum
electron transport rate (ETRmax), and the minimum saturating irradiance (Ek) (Table 3).
Finally, to further characterize the effects of MPs at the physiological level, the optical
properties of S. polyrhiza fronds were investigated by analyzing some spectral reflectance
indices obtained at the end of MP treatment by a spectroradiometer (ASD FieldSpec3).
Leaf reflectance properties depend on the leaf surface and internal structure characteristics,
as well as on the concentration and distribution of biochemical components; therefore,
indices measured through reflected light spectra analysis can be used to assess the plant
physiological status [75]. In Table 4, in accordance with the data from Table 2, only indices
related to the content of pigments, namely PSSRa, PSSRb, and PSSRc associated with the
chlorophyll a and b, and carotenoid content, respectively [63], highlighted a moderate effect
exerted by the presence of MPs in the nutrient solution. In this regard, a possible effect of
the MPs adsorbed on roots on nutrient element uptake, likely impairing the metabolism of
pigments, cannot be ruled out. Preliminary experiments allowed the exclusion of a role
of MPs in partly shielding the leaf surface, possibly reducing the spectral data acquisition.
Consistently, the values of the other spectral reflectance indices such as PRI, used as an
index of photosynthetic performance [76]; NPQI, associated with the level of chlorophyll
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degradation [63] and ARI, related to the anthocyanin content [65], did not show significant
differences between the control and MP-treated plants.

Table 2. Chlorophyll fluorescence parameters, maximal quantum efficiency (Fv/Fm) measured in
dark adapted fronds and quantum efficiency of PSII photochemistry (Φ PSII), non-photochemical
quenching (NPQ), electron transport rate (ETR), leaf-absorptivity (Abs) and chlorophyll content
(Chl) measured at steady state with light intensity of 60 µmol photons m−2 s−1 in fronds of Spirodela
polyrhiza L. treated with PE MPs for 7 days. Treatments are: C (plants grown in Hoagland’s nutrient
solution without MPs); MP (plants grown in Hoagland’s nutrient solution with MPs). Data are the
mean values of 3 replicates ± Standard Error (SE). A one-way analysis was applied and data followed
by different letters in the same column are significantly different (LSD test, p ≤ 0.05).

Treatment
Chlorophyll Fluorescence Parameters and Chlorophyll Content

Fv/Fm (rel. un.) Φ PSII (rel. un.) NPQ (rel. un.) ETR (µmol Elect m−2 s−1) Abs (rel. un.) Chl (g m−2)

C 0.780 ± 0.003 0.634 ± 0.005 0.423 ± 0.043 16.15 ± 0.06 0.857 ± 0.003 a 0.400 ± 0.010 a
MP 0.777 ± 0.003 0.633 ± 0.008 0.421 ± 0.075 15.83 ± 0.19 0.829 ± 0.002 b 0.328 ± 0.007 b

P 0.626 0.928 0.978 0.110 0.002 0.005

Table 3. Light-response curves of chlorophyll fluorescence parameters (photosynthetic efficiency (α),
maximum electron transport rate (ETRmax) and the minimum saturating irradiance (Ek)) measured
in Spirodela polyrhiza L. fronds treated with and without PE MPs for 7 days. Treatments are: C (plants
grown in Hoagland’s nutrient solution without MPs); MP (plants grown in Hoagland’s nutrient
solution with MPs). Data are the mean values of 3 replicates ± Standard Error (SE). A one-way
analysis was applied (LSD test, p ≤ 0.05).

Treatment
Light Response Curves Parameters

α ETRmax Ek

C 0.358 ± 0.003 29.31 ± 0.91 81.74 ± 2.81
MP 0.351 ± 0.008 28.04 ± 0.50 80.05 ± 3.31

P 0.449 0.289 0.716

Table 4. Spectral index values for Spirodela polyrhiza L. fronds treated with PE MPs for 7 days.
Treatments are: C (plants grown in Hoagland’s nutrient solution without MPs); MP (plants grown in
Hoagland’s nutrient solution with MPs). Data are the mean values of 3 replicates ± Standard Error
(SE). A one-way analysis was applied and data followed by different letters in the same column are
significantly different (LSD test, p ≤ 0.05).

Treatment
Spectral Index Values

PRI PSSRa PSSRb PSSRc NPQI ARI

C 0.029 ± 0.001 12.35 ± 0.58 a 5.39 ± 0.22 a 12.21 ± 0.55 a 0.065 ± 0.005 −0.148 ± 0.026
MP 0.024 ± 0.002 9.45 ± 0.28 b 4.35 ± 0.19 b 9.42 ± 0.19 b 0.055 ± 0.012 −0.085 ± 0.029

P 0.100 0.011 0.024 0.009 0.531 0.157

Notes: PRI–Photochemical Reflectance Index; PSSRa–Pigment Specific Simple Ratio for Chla; PSSRb–Pigment
Specific Simple Ratio for Chlb; PSSRc–Pigment Specific Simple Ratio for carotenoids; NPQI–Normalized Phaeo-
phytinization Index; ARI–Anthocyanin Reflectance Index.

Taken together, data on plant physiological performance revealed a substantially
unaltered photosynthetic apparatus in MP-treated S. polyrhiza plants in comparison to their
control. This feature confirmed previous findings reported in duckweed plants treated
with different MP types by Dovidat et al. [20] on S. polyrhiza and Kalčíková et al. [70] and
Mateos-Cardenas et al. [6,21] on L. minor, indicating that the adsorption of plastic particles
on root and frond surfaces does not result in the impairment of photosynthetic performance
in aquatic plants.
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To evaluate the transfer of the MPs adsorbed on fronds to the amphipod E. veneris,
Nile red staining was utilized to color, highlight, and count in fluorescence the MP particles
in the extracted stomach contents (Figure S3). This faster and cost-effective method was
used for the recovery of applied MPs on a total of 65 amphipods (n = 15 belonged to the
control group, and n = 50 to MP treatments). The gut content of control group specimens,
exposed to clean S. polyrhiza plants, was MP-free. On the contrary, all the other processed
samples showed the MPs used to contaminate S. polyrhiza, clearly indicating the feeding
of E. veneris specimens on these plants. Namely, after 24 h of feeding, a mean value of
7.6 ± 2.6 MPs/individual was observed. This value is higher than that obtained by Mateos-
Cardenas et al. [21] in a trophic transfer experiment from Lemna minor to the gammarid
Gammarus duebeni, though E. veneris is a smaller species than G. duebeni. However, it
is necessary to underline that S. polyrhiza is probably able to adsorb and concentrate a
greater number of MPs than L. minor, given the presence of a multiple root system on each
frond, with as many as 12 adventitious roots [77], as its specific name indicates (polyrhiza
= many roots). Dovidat et al. [20] observed plastic particles adsorbed to the roots of S.
polyrhiza after exposure to PS particles and argued about the possible transfer from this
species to herbivorous aquatic invertebrates. This process was clearly demonstrated in
our experiments.

The role of amphipods as an entry point for MPs in the aquatic trophic chain is
highlighted by the finding that they can ingest MPs, and these, after passing through the
digestive system, can be expelled into the fecal pellets, thus becoming available again in the
debris chain. It must also be emphasized that the gammarids could fragment the particles,
as Mateos-Cardenas et al. [22] highlighted in the freshwater amphipod Gammarus duebeni,
contributing to the degradation and size reduction in the particles ingested. In the present
work, the MPs found in the digestive tracts were of a smaller average size (26.2 ± 1.6 µm)
than that of the MPs used to contaminate S. polyrhiza (43.6 ± 1.2 µm). However, because of
the irregular shape of the MPs used, it is not possible to infer if this is due to a digestive
fragmentation, similar to that observed in G. duebeni, or selection before the ingestion. The
predated E. veneris, however, will transfer their MP body burden to higher trophic levels.
Since gammarids are often dominant in terms of biomass in macrobenthic communities,
the impact of the MP transfer could be very relevant. Gammarids represent one example of
the selected prey of some salmonid species such as brown trout [78]. Lollobrigidi et al. [79]
reported that Salmo cettii specialized on Echinogammarus sp. (E. veneris, pers. comm.), with
Echinogammarus sp. representing 67.22% of the total amount of food items in their stomachs.
The availability of the MPs ingested for uptake to the higher levels of the food web makes
them also a threat for human populations. The presence of MPs in the edible part of fish
(muscle tissue) has already been proven [80,81] although the internalization process of the
particles and MPs accumulation have not been completely understood. However, Barboza
et al. [80] demonstrated that the main route of entry of small MPs into the muscle of fish
is the digestive system. This evidence demonstrates the risk for human consumption of
the translocation of MPs in the food chain and the importance of model systems to study
these processes.

A genotoxic assessment was performed on gammarid specimens directly exposed
or not to MPs in water. On these samples, the DNA-induced damage, resulting in DNA
fragmentation, was determined as TM after a 24 h exposure by the Comet assay. Exposure
of the gammarids resulted in significant damage to the DNA compared to the control group,
with TM values of 9.4 (Figure 4). The DNA-damaging effects of MPs have rarely been
investigated in invertebrates [82], and, to our knowledge, the genotoxic effect observed in
this study represents the first evidence in amphipods. In fact, in the literature, there has been
only one study reported, specifically on crustaceans (the decapod Atydae Neocaridina davidi),
in which PS MPs significantly increased the DNA tail moment after 24 h exposure [83].
Polystyrene MPs also increased the DNA damage in Scrobicularia plana hemocytes [84]
while the genotoxic effects of PE MPs were only highlighted in hemocytes of Mytilus
galloprovincialis, causing a significant enhancement of DNA strand breaks [85]. Studies on
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vertebrates showed an increase in micronuclei (MN) and nuclear buds (NBUD) in Salmo
trutta, at the larval stage, caused by PS, PET, and PE MPs exposure, with PE causing the
most damage (Jakubowska et al., 2020) [86]. Moreover, environmental MPs in Japanese
Medaka (Oryzias latipes) caused a significant induction of DNA damage [87]. Although the
literature on this subject is still limited, all this evidence induces the hypothesis that at least
the plastic polymers analyzed or the additives contained therein are directly bioavailable to
the organisms, resulting in their ability to exert toxic effects on DNA. Even if the mechanism
of DNA damage induction remains unknown, the most widespread hypothesis attributes
the cause of such damages to the production of reactive oxygen species (ROS) as a response
to foreign particles inside cells or an inflammatory response caused by interaction with
cell membranes [82]. This hypothesis is supported by the experimental evidence of Ribeiro
et al. [84], who highlighted an oxidative stress response to PS in gills and digestive gland
cells of S. plana and by Revel et al. [88] who measured an increase in the antioxidant enzyme
and acid phosphatase activities after exposure of Mytilus edulis to PE and PP. Increased
ROS production and inflammatory response to MP exposure are linked to biochemical
processes and can be responsible for the DNA damage observed in the present study and
in those reported in the literature. However, at the present stage, it is not possible to clearly
ascribe the induction of such damaging effects to the polymer as well or to additives and
plasticizers used in plastic production [55,60].
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Figure 4. DNA damage expressed as Tail Moment, defined as the product of the tail length and the
fraction of total DNA in the tail, in the hemocytes of Echinogammarus veneris specimens after 24 h
exposure to water (Control, grey bar) and water added with MPs (PE, black bar). Data are reported
as mean ± Standard Error. Statistically significant differences are indicated with different letters
(p ≤ 0.05).

4. Conclusions

The large presence of MPs in the environmental compartments is demanding increas-
ing efforts for evaluating their impact on biota. Therefore, apart from the direct or indirect
biological effects of MPs, a particular concern is posed in relation to the possible trans-
fer and magnification effect along the food web involving humans. In this regard, the
mechanisms by which MPs enter and move into the food chain are rarely investigated. In
this work, the consequences of the exposure of PE MPs on a primary producer (Spirodela
polyrhiza (L) Schleid.) and a primary consumer (Echinogammarus veneris) have been studied
at a different level of biological organization. In particular, the lack of a direct toxic effect
of MPs on plants was highlighted by a novel experimental approach (using the Eco-Tox
Photo system Tool (ETPT)), both at the growth and photosynthetic performance levels. A
clear genotoxic effect of PE MPs on gammarids was instead demonstrated for the first time
by means of the Comet assay. The transfer of PE MPs from S. polyrhiza to E. veneris was also
evidenced, paralleling the observation previously reported for other freshwater organisms.
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The overall results also put in evidence the complexity of the interaction between MPs
and living organisms at the lab scale. Finally, the potential transfer of PE particles from a
primary producer to a primary consumer strengthens the demand for further knowledge
about the risks to animal and human health associated with the trophic transfer of MPs in
the food network of the freshwater ecosystem.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15050921/s1: Figure S1: Microscope images of PE MPs, used to
perform the exposures, observed in brightfield (left) and, stained with Nile red, in green fluorescence
(ex. 450–490; em 515–565 nm) (right); Figure S2: Specimens of E. veneris individually placed in
100 mL beakers filled with 100 mL tap water in presence of a single S. polyrhiza colony previously
treated with PE MPs for 24 h (left); Particular of E. veneris individual clung to plant roots during
feeding (right); Figure S3: Microscope images of PE MPs, from digestive tracts of E. veneris, on a filter
stained with Nile red, observed in green fluorescence; Figure S4: Representative images of nuclei
from Echinogammarus veneris hemocytes, treated (B) or not (A) with 40 mg/L PE MPs in water for
24 h, exhibiting different DNA damage level after Alkaline Comet assay procedure and EtBr staining.
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28. Kokalj, A.J.; Kuehnel, D.; Puntar, B.; Gotvajn, A.; Kalčikova, G. An exploratory ecotoxicity study of primary microplastics versus
aged in natural waters and wastewaters. Environ. Pollut. 2019, 254, 112980. [CrossRef]
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Malinga, B. Effects of chronic exposure to microplastics of different polymer types on early life stages of sea trout Salmo trutta. Sci.
Total Environ. 2020, 740, 139922. [CrossRef] [PubMed]

87. Pannetier, P.; Morin, B.; Le Bihanic, F.; Dubreil, L.; Clérandeau, C.; Chouvellon, F.; Van Arkel, K.; Danion, M.; Cachot, J.
Environmental samples of microplastics induce significant toxic effects in fish larvae. Environ. Int. 2019, 134, 105047. [CrossRef]
[PubMed]

88. Revel, M.; Lagarde, F.; Perrein-Ettajani, H.; Bruneau, M.; Akcha, F.; Sussarellu, R.; Rouxel, J.; Costil, K.; Decottignies, P.; Mouneyrac,
C. Tissue-specific biomarker responses in the blue mussel Mytilus spp. exposed to a mixture of microplastics at environmentally
relevant concentrations. Front. Environ. Sci. 2019, 7, 33. [CrossRef]

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

http://doi.org/10.1562/0031-8655(2001)074&lt;0038:OPANEO&gt;2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/11460535
http://doi.org/10.1016/j.ecss.2013.05.026
http://doi.org/10.1016/j.mrrev.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27036063
http://doi.org/10.1016/j.mex.2020.101161
http://www.ncbi.nlm.nih.gov/pubmed/33304837
http://doi.org/10.1016/j.envpol.2017.07.050
http://www.ncbi.nlm.nih.gov/pubmed/28783918
http://doi.org/10.1016/j.scitotenv.2021.145576
http://doi.org/10.1016/j.cpb.2018.11.006
http://doi.org/10.3390/plants10122763
http://doi.org/10.1016/j.chemosphere.2014.07.066
http://doi.org/10.1016/S1360-1385(98)01213-8
http://doi.org/10.3390/rs10081202
http://doi.org/10.1073/pnas.1910401116
http://www.ncbi.nlm.nih.gov/pubmed/31484765
http://doi.org/10.1080/02705060.2017.1386595
http://doi.org/10.1016/j.scitotenv.2019.134625
http://www.ncbi.nlm.nih.gov/pubmed/31836230
http://doi.org/10.1016/j.marpolbul.2021.112915
http://doi.org/10.1016/j.chemosphere.2021.131898
http://doi.org/10.16984/saufenbilder.455574
http://doi.org/10.1016/j.marpolbul.2017.06.078
http://doi.org/10.1016/j.envpol.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25637744
http://doi.org/10.1016/j.scitotenv.2020.139922
http://www.ncbi.nlm.nih.gov/pubmed/32927534
http://doi.org/10.1016/j.envint.2019.105047
http://www.ncbi.nlm.nih.gov/pubmed/31731002
http://doi.org/10.3389/fenvs.2019.00033

	Introduction 
	Material and Methods 
	Microplastic, Reagent and Chemical Characteristics 
	Spirodela polyrhiza–Growth and Experimental Treatment 
	Echinogammarus veneris–Growth and Experimental Treatment 
	Plant Biometric and Physiological Traits Evaluation 
	Evaluation of MP Transfer from S. polyrhiza to E. veneris 
	Genotoxicity Test in E. veneris 
	Statistics 

	Results and Discussion 
	Conclusions 
	References

