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Abstract: The effects of silver nanoparticles and arsenic at community levels have rarely been assessed
in laboratory experiments, despite their obvious advantage in reflecting better the natural conditions
compared to traditionally single species-focused toxicological experiments. In the current study, the
multifaceted effects of these xenobiotics, acting alone or combined, on meiobenthic nematodes were
tested in a laboratory experiment carried out in microcosms. The nematofauna was exposed to two
concentrations (0.1 and 1 mg·L−1) of silver nanoparticles (Ag1/Ag2) and arsenic (As1/As2), as well
as to a mixture of both compounds, for 30 days. The results particularly highlighted a significant
decrease in the abundance and taxonomic diversity of nematodes directly with increasing dosages
of these compounds when added alone at the highest concentration. The addition of these levels
of xenobiotics seems to make the sediment matrix gluey, hence inducing greater mortality among
microvores and diatoms feeders. Moreover, the nematofauna went through a strong restructuring
phase following the exposure to both compounds when added alone, leading to the disappearance of
sensitive taxa and their replacement with more tolerant ones. However, the similarity in nematofauna
composition between control and mixtures of silver nanoparticles and arsenic (except for Ag1As2)
suggests that the toxicity of the latter pollutant could be attenuated by its physical bonding to
the former.

Keywords: meiobenthic nematodes; metals’ depollution; toxicity; diversity

1. Introduction

Population outgrowth and rapid urbanization by an uninterrupted industrial evolu-
tion and progression of different technologies in all aspects of life around the world have
negatively impacted many environmental issues [1]. Therefore, the atmosphere, water,
soil, and also sediments have become good receivers of classical and emerging pollutants
causing an inevitable deterioration in their quality [2].

Silver nanoparticles (Ag NPs) are gaining popularity as antibiotic agents in textiles
and wound dressings, medical devices, and appliances such as refrigerators and washing
machines [3]. They have traditionally been defined as particles with an overall size of
less than 100 nanometers, but the term “nanosilver” is also increasingly used, especially
in commercial products containing nanomaterials with high proportions of silver. Many
Ag NP-containing products are most commonly used as antimicrobial coatings to prevent
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infection or as deodorants. However, adequate assessment of the long-term effects of Ag
NP exposure and its release into the environment has lagged behind the rapid increase in
the commercialization of Ag NP products [4].

Arsenic is a crystalline semimetal with properties of both metal and non-metal ele-
ments and widely exists in the natural environment. It is the 20th most abundant element
in the Earth’s crust and the 14th most abundant element in seawater [5,6]. Arsenic con-
tamination from natural sources such as volcanic eruptions and human activities such
as the manufacture of alloys, glass, pesticides, and pharmaceuticals can also lead to the
accumulation of arsenic in the environment [7].

Arsenic from natural and anthropogenic sources enters the atmosphere, groundwater,
and rivers and eventually the oceans. Arsenic concentrations in seawater are typically
below 1.5 µg·L−1 [8]. However, high concentrations ranging from 0.5–5000 µg·L−1 have
been reported in drinking water under contaminated conditions in some areas [5]. Ar-
senic concentrations of 1100 µg·L−1 were reported downstream of an industrial arsenic
production site in South Carolina, USA [9].

It is evident that high amounts of both arsenic and silver NPs will be deposited
finally into the sea and returned back to the human body through the consumption of
contaminated seafood.

The first step for preventing health risks and establishing strict thresholds is knowledge
of small bioindicators at the base of the marine food chain as is the case for meiobenthos and
especially the dominant group of nematodes. Many studies highlighted the usefulness of
these worms in laboratory bioassays based on their short generation times (days to months),
small average size range (~1–5 mm), highest abundance (up to 23 million per m2), and easy
maintenance in controlled experimental conditions [10–12]. Currently, about 20,000 nematode
species, of which 6500 are marine meiobenthic, have been formally described [13]

The importance of meiobenthic organisms also comes from the fact that macrobenthic
seafood (fish, shrimps, crabs, etc.) feeds on them mostly at larval stages [14]. Consequently,
the meiobenthos may be considered as the transmitters of pollution to the higher trophic
levels and thus to human beings. Many published studies reported significant effects of
stressors mostly by lowering meiobenthic abundance and diversity [13–21] but to date
none has tested that for the NPs, and in particular silver ones. Similarly, no works have
been devoted to the effects of arsenic on meiofaunal organisms. Moreover, no one has
investigated possible interactions of both xenobiotics even though pollution is usually in
the form of a stressful cocktail.

The current work aims to fill the above gaps by answering the following questions:
(i) Are arsenic and silver NPs toxic for meiobenthic nematodes? (ii) Do they make each
other more ecotoxic? (iii) Or, is their bioavailability reduced once they are mixed? In fact,
if the latter assumption is correct, that will encourage their use for remediation purposes
to purify subtidal marine areas. It is to be expected that arsenic and silver NPs will have
a significant negative impact on meiobenthic nematodes. It is unknown if the effects of
arsenic and silver NPs would be additive, synergetic, or antagonistic since there are no
known or standard interactions between them.

2. Materials and Methods

A graphical representation that shows the timeline, the design of the experiment,
and the analyses performed is given in Figure 1. Details of all schematic steps are pre-
sented thereafter.
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Figure 1. Graphical summary of steps and methodology adopted to experimentally study effects of
silver nanoparticles and arsenic on meiobenthic nematodes.

2.1. Collection Site and Laboratory Processing

The sediments were collected early in the morning (7 a.m.) on 27 November 2022, at
a coastal site (37◦15′07.34′′ N, 9◦56′26.75′′ E) located at the upper infralittoral domain in
Bizerte Bay, Tunisia. Samples were taken from the upper 5 cm of the sediment layer at 50 cm
of the water column with the aid of Plexiglass hand cores (inner diameter of 3.6 cm, section
of 10 cm2). The collection site was chosen intentionally as studies of [22–24] documented its
pristine quality of both sediment and water in addition to the high diversity of its meiofauna.
Four variables were measured at the sediment–water interface during sampling. The water
depth was measured with a pendulum, then salinity and temperature were determined
using a Model WTW LF 196 thermo-salinometer (Weilheim, Germany). Dissolved oxygen
concentrations were measured with a WTW Oxi 330/SET, WTW, Weilheim (Germany)
model oximeter.

In the laboratory, aliquots of sediment were sieved through a 63 µm sieve under
a jet of water and then dried at 45 ◦C to quantify the sedimentary fraction larger than
63 µm [25]. The cumulative curves were then plotted to determine the mean grain size of
the coarse fraction [25]. Additional aliquots of equal volume were used to evaluate the total
organic matter by the mass loss method (450 ◦C, 6 h) [26] and water content after drying
the sediment at 45 ◦C until a constant weight [27].
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2.2. Contamination with Arsenic and Silver NPs

The contamination of water was performed appropriately with standard inorganic
trivalent As (As (III)) and/or silver NPs.

1. Stock solution was prepared from As (III), to which filtered seawater (0.7 µm pore-size
Glass Microfibre GF/F, Whatman, Schnelldorf, Germany) from the collection site
in Bizerte Bay (Tunisia) was added to obtain a final concentration of 100 mg·L−1.
Aliquots of this solution were diluted and then added to microcosms according to the
two intended concentrations: 0.1 (hereafter As1) and 1 mg·L−1 (hereafter As2).

2. Ag NPs (described by the vendor as having a size < 100 nm; Sigma-Aldrich Chemical,
St. Louis, MO, USA) were homogeneously dispersed in deionized water by sonication
(Branson-5210 sonicator; Branson, MO, USA) for 13 h at maximum power, stirring for
7 days, then filtered through a cellulose membrane (pore size 100 nm, Advantec; Toyo
Toshi Kaisha, Tokyo, Japan) to remove NP aggregates. These Ag NPs were previously
characterized microscopically by [28]. The same two nominal concentrations tested
for As were considered once again: 0.1 (hereafter Ag1) and 1 mg·L−1 (hereafter Ag2).

To sum up, eight treatments were prepared with two for each xenobiotic paralleled
with their respective mixtures: silver NPs (Ag1 and Ag2) and arsenic (As1 and As2) and
their mixtures (Ag1As1, Ag2As2, Ag2As1, and Ag1As2). The control nematodes were
topped up with filtered seawater without adding sodium arsenite or Ag NPs, thus keeping
all conditions unchanged. All contaminated water with As and Ag NPs was replaced daily
in each microcosm to avoid the regression of ambient water concentration. The meiobenthic
nematodes were not fed during the entire experimental period.

USEPA [29] reported that the maximum acute toxicity value of arsenic (III) to 12 species
of marine organisms was 16.03 mg·L−1. In this work, an environmental concern level (ECL)
equal to 100 was adopted for As (III) as proposed by [30] in the case of marine waters to
define our lowest concentration of 0.1 mg·L−1.

Moreover, the effects of As III (0, 0.1, 0.3, 0.5, and 1 mg·L−1) and Ag NPs (0, 0.1, 0.5, and
2 mg·L−1) were previously tested on the freshwater clam Corbicula fluminea by [31,32] for
14 and 28 days, respectively. Both studies showed that C. fluminea responded biochemically
starting from 0.1 mg·L−1 and a high oxidative stress status was noticeable after exposure
to 2 mg As·L−1 [32]. Herein, we preferred choosing 1 mg·L−1 as our maximum because
clams are much bigger than meiobenthic nematodes and taxonomically more evolved; this
allowed us to avoid intensive and quick nematode mortality.

The assay was static and carried out in an experimental room over 30 days, in trip-
licate for each treatment, using filtered seawater, with controlled conditions (light/dark
photoperiod cycle of 8.5/15.5 h and corresponding temperatures of 18 ◦C/12 ◦C) and
continuous aeration with air pumped directly from a diffuser. These laboratory conditions
were deduced from hourly meteorological data (http://www.infoclimat.fr, accessed on
26 November 2022) for the city of Bizerte, Tunisia, during the month before starting the
current bioassay.

2.3. Nematode Study

To extract meiobenthic organisms from the sediment, the steps of levigation–decantation–
sieving were necessary through two stacked sieves (1 mm and 40 µm) [33]. These sieves
were used to separate macrofauna and meiofauna, respectively. Only the fraction retained
on the 40 µm mesh size was preserved in 4% neutral formalin and drops of Rose Bengal
(0.2 g·L−1) were added to better distinguish meiobenthic animals selectively colored in
pink from the inert matter during sorting [34]. Afterward, the meiobenthic nematodes
were sorted with the aid of a 50× stereomicroscope (Wild-M3B type) after being poured
into a tiled Dollfus chamber. For controls and treatments with arsenic and silver NPs, one
hundred nematodes were picked and mounted on microscope slides as described by [35].

All picked worms were identified to genus level by using a Nikon DS-Fi2 camera
coupled with a Nikon microscope (Image Software NIS Elements Analysis Version 4.0

http://www.infoclimat.fr
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Nikon 4.00.07–build 787–64 bit) and based on the generic keys of [15,36,37]. Morphological
descriptions of the species were downloaded from the NeMys database which is constantly
updated by the nematologists at Ghent University, Belgium [38]. Four community-based
qualitative tools were considered, namely the species number (S), Margalef’s species
richness (d), Shannon–Wiener’s index (H′), and Pielou’s evenness (J′).

Two functional traits were distinguished for each nematode genus: feeding type
and tail shape. Four trophic groups were separated as suggested by [39]: the selective
deposit feeders (1A) that are mainly microcores, non-selective deposit feeders (1B) that
are consumers of detritus, epistratum feeders (2A) that are consumers of diatoms, and
omnivores and carnivores (2B) that are consumers of small meiobenthic animals. Also, four
tail shapes were discriminated as reported in [40]: conical (co), clavate/conico-cylindrical
(cla), elongated/filiform (e/f), and short/rounded (s/r).

2.4. Statistical Processing

Data were tested for normality (Kolmogorov–Smirnov test) and equality of variance
(Bartlett test) to fulfill the requirements of parametric analyses, and log-transformations
were practiced when these assumptions were not met. Five univariate tools were consid-
ered in multiple comparisons: abundance, species number (S), Margalef’s species richness
(d), Shannon–Wiener index (H′), and Pielou’s evenness (J′). One-way analysis of vari-
ance (ANOVA) and Tukey’s honestly significant difference (HSD) test were performed
with the software STATISTICA v.8 in order to test for the significant global and multiple
comparisons, respectively.

Several multivariate analyses were also carried out using the Plymouth Routines
in Multivariate Ecological Research (PRIMER v.5) software package (see [41,42]). First,
based on single linkage Bray–Curtis similarity values obtained from square-root transformed
nematode frequencies, a similarity matrix was constructed. Then, a hierarchical cluster
analysis (hereafter CA) and a non-metric multidimensional scaling (hereafter nMDS) ordi-
nation were applied. The distance-based permutational multivariate analysis of variance
(PERMANOVA) was conducted to investigate the influence of nine different treatments on
total nematofaunal abundance. PERMANOVA analysis of total nematode community data
showed a significant interaction between “treatments” (p < 0.05). Pair-wise tests were car-
ried out to verify the significance of the differences among treatments if any were observed
in the main test. It was followed by similarity percentage (SIMPER) analysis to determine
the contribution of each species or functional group to the average dissimilarity [41].

3. Results
3.1. Abiotic Features of the Collection Site

On the day of sampling, the sediments were collected at a depth of 0.5 m. In situ,
dissolved oxygen was 12.35 mg·L−1 and the temperature and salinity were 14.9 ◦C and
37.6 PSU, respectively. The data obtained from sediments showed that they were divided
into 98.772 ± 0.061% coarse particles (>63 µm) with a mean grain size of 0.39 ± 0.05%.
The sediment contents of total organic matter and water were equal to 0.83 ± 0.04% and
29.47 ± 3.01%, respectively.

3.2. Nematode Abundances

The overall abundance of nematodes decreased significantly (Tukey HSD test:
p-values < 0.01) following exposure to silver NPs and/or arsenic, except for the mixture
Ag2As1 (p-value = 0.0725) compared to the control (Figure 2). The total abundance of ne-
matodes also decreased significantly in mesocosms treated with the highest concentrations
of silver NPs or arsenic (i.e., Ag2 and As2) compared to Ag1 and As1 (Figure 2). Overall,
the total abundance of nematodes in mixtures was significantly higher compared to silver
NPs and arsenic treatments alone (Figure 2).
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3.3. Taxonomic Census and Community Composition of Nematodes

At the end of the bioassay, the nematofauna from control mesocosms comprised
7 orders and 18 families, 23 genera, and 26 species (Tables 1 and 2). The most diverse families
were Xyalidae (S = 6), Cyatholaimidae (S = 3), Oncholaimidae (S = 2), and Comesomatidae
(S = 2). The remaining fourteen families were represented by just one species (Table 1).
Four treatments, namely UC, Ag1, As1, and Ag2As2, were populated each by twenty-six
species. In the control assemblage, two taxa were dominant (≤10%): Halaphanolaimus sp.
(18 ± 3.6%) and Calomicrolaimus honestus (14.66 ± 4.16%). As far as the five remaining
treatments are concerned, the disappearance of several species was observed as follows:
As2 (seven species), Ag2 (seven species), Ag1As1 (one species), Ag2As1 (one species), and
Ag1As2 (one species). The diversity indices S, d, and H′ were similar among treatments
and control, except for Ag2 and As2, where they were significantly lower (Tukey HSD test:
p-values < 0.0001, Figure 3). Pielou’s evenness was similar across all treatments (1-ANOVA:
p-values = 0.805, Figure 3).

Table 1. Alphabetical listing of nematode taxa from microcosms spiked or not with silver nanoparti-
cles and/or arsenic and their taxonomic nomenclature and classification, feeding types (FG), and tail
shapes (TS).

Order Family Genus Species FG TS

Enoplida Tripyloididae Bathylaimus sp. 2B co

Desmodorida Microlaimidae Calomicrolaimus honestus 2A co

Desmoscolecida Cyartonematidae Cyartonema germanicum 1A co

Monhysterida Xyalidae Daptonema fallax 1B co

Monhysterida Xyalidae Daptonema normandicum 1B cla

Monhysterida Xyalidae Daptonema trabeculosum 1B cla

Enoplida Thoracostomopsidae Enoplolaimus longicaudatus 2B cla

Enoplida Oxystominidae Halalaimus gracilis 1A e/f

Plectida Leptolaimidae Halaphanolaimus sp. 1A co

Chromadorida Cyatholaimidae Longicyatholaimus longicaudatus 2A e/f
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Table 1. Cont.

Order Family Genus Species FG TS

Chromadorida Cyatholaimidae Marylynnia punctata 2A e/f

Chromadorida Cyatholaimidae Marylynnia steckhoveni 2A e/f

Enoplida Oncholaimidae Metoncholaimus pristiurus 2B cla

Araeolaimida Axonolaimidae Odontophora wieseri 1B co

Enoplida Oncholaimidae Oncholaimellus calvadocicus 2B cla

Monhysterida Xyalidae Paramonohystera proteus 1B cla

Monhysterida Sphaerolaimidae Parasphaerolaimus paradoxus 2B cla

Enoplida Phanodermatidae Phanoderma sp. 2A co

Chromadorida Chromadoridae Prochromadorella longicaudata 2A co

Araeolaimida Comesomatidae Sabatieria splendens 1B cla

Araeolaimida Comesomatidae Sabatieria punctata 1B cla

Desmodorida Desmodoridae Spirinnia parasitifera 2A co

Chromadorida Selachinematidae Synonchiella edax 2B co

Enoplida Ironidae Thalassironus britannicus 2B co

Monhysterida Xyalidae Theristus modicus 1B co

Enoplida Enchelidiidae Thoonchus inermis 2B cla

Monhysterida Xyalidae Valvaelaimus maior 1B co

Table 2. Relative abundances (SD) of the free-living nematode species identified in the control
treatment (UC) and those enriched with silver nanoparticles (Ag1 and Ag2) and arsenic (As1 and
As2) and their mixture (Ag1As1, Ag2As2, Ag2As1, and Ag1As2). Bold values represent proportions
of functionally dominant species (≥10%). Black and gray cells indicate the species with decreased
and increased abundances, respectively (SIMPER outcomes).

Species UC Ag1 Ag2 As1 As2 Ag1As1 Ag2As2 Ag2As1 Ag1As2

Bathylaimus sp. 2 (1) 2.33 (2.52) 4.67 (0.58) 5.33 (1.52) 8.67 (1.15) 2 (1) 3.67 (0.58) 0.67 (1.15) 4.33 (0.58)

Calomicrolaimus
honestus 14.66 (4.16) 6 (1.73) 1.33 (1.15) 1.33 (1.52) 2 (1) 10.33 (1.53) 11.33 (1.53) 12.33 (2.08) 3 (2.65)

Cyartonema germanicum 7 (2.64) 5.33 (0.58) 0.67 (0.58) 0.66 (0.57) 8.33 (3.06) 8 (1.73) 8.67 (1.53) 1.67 (1.15)

Daptonema fallax 2 (1) 5.33 (0.58) 8 (1) 1.66 (0.57) 2.67 (1.53) 0.33 (0.58) 2.67 1.15) 2.67 (1.15)

Daptonema
normandicum 7.33 (3.21) 7.67 (1.53) 10 (1) 7.66 (2.08) 1.33 (1.15) 7 (2.65) 7.33 (3.51) 8.67 (3.06) 3 (2.65)

Daptonema trabeculosum 0.66 (0.57) 3 (1) 6.67 (1.53) 7.66 (0.57) 7 (2) 3 (1) 2.33 (2.52) 11.33 (1.15)

Enoplolaimus
longicaudatus 0.66 (1.15) 0.33 (0.58) 6 (3) 11 (1) 1 (1) 1.33 (1.15) 1.67 (1.15) 2.33 (2.52)

Halalaimus gracilis 1.33 (0.57) 1 (1) 1.33 (1.53) 0.66 (1.15) 9.67 (9.87) 2.67 (1.15) 2 (2.65) 0.33 (0.58)

Halaphanolaimus sp. 18 (3.6) 7.33 (1.15) 0.67 (1.15) 3.66 (1.52) 2 (1) 10.67 (2.89) 12 (4) 17.67 (0.58)

Longicyatholaimus
longicaudatus 3.33 (2.08) 2.33 (1.53) 3.33 (1.52) 4 (2.65) 1.67 (0.58) 0.67 (0.58) 2 (1) 2.33 (1.53)

Metoncholaimus
pristiurus 0.66 (1.15) 8.33 (1.53) 9 (1) 5.33 (0.57) 7 (1) 0.67 (0.58) 3.33 (1.15) 1.67 (1.15) 9.67 (1.53)

Marylynnia
puncticaudata 7 (1.73) 3.33 (1.53) 2 (2) 6.33 (3.51) 5.67 (2.08) 8.67 (1.15) 10.33 (2.89) 7.33 (2.08) 2.33 (2.52)

Marylynnia steckhoveni 1 (1.73) 0.67 (1.15) 0.67 (0.58) 2 (1) 0.33 (0.58) 2 (1) 1 (1.73) 2.33 (2.08) 2.67 (0.58)

Odontophora villoti 1.33 (0.57) 1 (1) 0.67 (1.15) 5.66 (2.08) 11.33 (3.79) 2.67 (2.08) 1.67 (2.08) 1.33 (1.53) 5.33 (0.58)

Oncholaimellus
calvadosicus 2 (1) 5.67 (2.08) 9.33 (1.15) 1.33 (1.15) 2.33 (1.53) 2.33 (2.52) 3 (1) 0.33 (0.58)

Paramonohystera proteus 7.33 (2.08) 6.67 (2.31) 9.67 (1.53) 3.66 (1.15) 5 (2.65) 6 (2) 11.33 (2.52) 8.33 (1.53) 5 (2.65)

Parasphaerolaimus
paradoxus 2.33 (1.52) 1 (1.73) 0.33 (0.58) 1 (1) 1 (1.73) 2.67 (1.53) 2.33 (2.52) 2 (1.73) 0.67 (0.58)

Phanoderma sp. 1.33 (1.15) 1 (1) 1 (1) 2.67 (2.31) 1.33 (0.58) 1.67 (0.58) 1.33 (1.53) 2.33 (1.53)
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Table 2. Cont.

Species UC Ag1 Ag2 As1 As2 Ag1As1 Ag2As2 Ag2As1 Ag1As2

Prochromadorella
longicaudata 2.66 (1.52) 0.33 (0.58) 0.67 (0.58) 10 (3.6) 13.67 (1.53) 1 (1) 1.33 (1.15) 1.67 (2.08) 6.67 (2.52)

Synonchiella edax 1.33 (1.52) 1 (1) 0.67 (0.58) 5.33 (1.52) 5.67 (1.53) 1 (1.73) 1 (1) 1.33 (1.53) 10.67 (1.53)

Sabatiera splendens 1.66 (0.57) 4 (0) 8.33 (1.53) 1.66 (2.08) 2.67 (0.58) 0.67 (1.15) 0.67 (0.58) 2 (1)

Spirinnia parasitifera 2.33 (1.52) 4 (1.73) 1 (1) 1 (1.73) 2 (2) 2 (2) 0.67 (1.15) 3.33 (1.53)

Sabatieria punctata 2.66 (1.15) 6.67 (0.58) 9.67 (1.15) 3.33 (2.08) 3.67 (1.53) 3 (1.73) 2.33 (1.53) 2.66 (2.52) 1.67 (1.15)

Thalassironus
britannicus 1.66 (1.15) 2 (1) 2.33 (1.52) 1.67 (1.15) 2.33 (1.53) 1.33 (2.31) 1 (1.73) 1.67 (0.58)

Theristus modicus 4 (1) 5 (1) 5.67 (1.15) 4 (1) 0.33 (0.58) 2.33 (0.58) 3.67 (2.08) 3.33 (2.52) 1.33 (1.15)

Thoonchus inermis 1.33 (1.15) 4 (0) 3.67 (0.58) 2.33 (0.57) 2 (2.65) 2.33 (1.53) 2.67 (0.58)

Valvaelaimus maior 2.33 (0.57) 4.67 (1.53) 5.33 (0.58) 5.66 (2.08) 6 (3) 3 (2.65) 2 (1.73) 2.67 (2.08) 10.67 (1.15)
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Figure 3. Graphical summary of univariate taxonomic indices of the control microcosms (UC) and
those enriched with silver nanoparticles (Ag1 and Ag2), arsenic (As1 and As2), and their mixtures
(Ag1As1, Ag2As2, Ag2As1, and Ag1As2). S = species number, d = Margalef’s species richness,
H′ = Shannon–Wiener index, J′ = Pielou’s evenness. The stars indicate significant differences com-
pared to the controls (UC) (* = p <0.05; *** = p <0.0001; **** = p < 0.00001) (Tukey’s HSD test,
log-transformed data).

The hierarchical cluster analysis and the nMDS orientation based on the Bray–Curtis
similarity matrix revealed at the cut-off of 70% practically the same two-dimensional
pattern of the nematode assemblages, based on their taxonomic affinity (Figure 4). Thus,
the nematofauna from the assemblages exposed to As1, Ag1As2, and As2 were distinctly
separated at the top of the ordination space, far from the cluster from the right side, which
comprised the species treated with silver NPs (i.e., Ag1 and Ag2) and the assemblages UC,
Ag1As1, Ag2As1, and Ag2As2, which were located at the bottom of the ordination space.

The PERMANOVA results showed a significant effect of the factor “treatment” on the
nematode community composition (Table 3) and the pair-wise tests detected significant
differences between controls and As2, Ag2, Ag1As2, and As1, respectively.
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Figure 4. (Above): Hierarchical cluster analysis (single linkage Bray–Curtis similarity values) of nema-
tode assemblages on the basis of square-root transformed abundances of species from nematofauna of
the control nematode assemblage (UC) and those enriched with silver nanoparticles (Ag1 and Ag2),
arsenic (As1 and As2), and their mixtures (Ag1As1, Ag2As2, Ag2As1, and Ag1As2) where groups are
separated by fixing the cut-off at 70% of Bray–Curtis similarity, as shown by the dotted horizontal
line. (Below): non-metric multidimensional scaling (nMDS) 2D plot based on Bray–Curtis similarity.

Table 3. Results of PERMANOVA and pair-wise tests for differences in nematode taxonomic compo-
sition between the control nematode assemblage (UC) and those enriched with silver nanoparticles
(Ag1 and Ag2), arsenic (As1 and As2), and their mixtures (Ag1As1, Ag2As2, Ag2As1, and Ag1As2).
Significant difference at p less than 0.05.

Source df SS MS Pseudo-F p (perm) Perm

Treatment 8 6257.9 782.23 253.31 0.001 998

Residual 18 55.586 3.0881

Total 26 6313.4

Pair-wise tests (UC vs.) Ag1 Ag2 As1 As2 Ag1As1 Ag2As2 Ag2As1 Ag1As2

p 0.0987 0.0385 0.0481 0.0291 0.6104 0.1941 0.6932 0.0431
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The spatial distribution of communities in treatments in the nMDS 2D plot was closely
supported by the dissimilarity values (Table 4), following the ranking: Ag2As1 < Ag1As1 <
Ag2As2 < Ag1 < As1 < Ag1As2 < Ag2 < As2. SIMPER results (Table 4) supported the overall
nMDS outcomes, by specifying the contributions of taxa to ~50% of the dissimilarities
between assemblages exposed to As and Ag NPs and the untreated control one.

Table 4. Similarity percentage (SIMPER) procedures based on taxonomic composition between the
control nematode assemblage (UC) and those enriched with silver nanoparticles (Ag1 and Ag2),
arsenic (As1 and As2), and their mixtures (Ag1As1, Ag2As2, Ag2As1, and Ag1As2). The values
in parentheses indicate the relative contributions of nematode species participating in about 50%
of the average dissimilarity between the reference nematofauna and those exposed to the different
treatments. Average dissimilarity (AD); more abundant (+); less abundant (−); steady relative
abundance (st); elimination (ø).

Comparisons
SIMPER

Species
AD (%)

UC vs. Ag1 25.34

Metoncholaimus pristiurus (10.65%) +
Halaphanolaimus sp. (6.75%) −

Calomicrolaimus honestus (6.01%) −
Prochromadorella longicaudata (5.54%) −
Parasphaerolaimus paradoxus (5.01%) −

Thoonchus inermis (4.69%) +
Daptonema trabeculosum (4.62%) +

Oncholaimellus calvadocicus (4.32%) +
Sabatieria punctata (4.28%) +

UC vs. Ag2 41.46

Halaphanolaimus sp. (10.8%) −
Calomicrolaimus honestus (8.19%) −
Metoncholaimus pristiurus (7.27%) +
Cyartonema germanicum (5.57%) −
Daptonema trabeculosum (5.47%) +

Longicyatholamus longicaudatus (5.02%) ø
Oncholaimellus calvadocicus (4.8%) +

Sabatieria splendens (4.61%) +

UC vs. As1 33.38

Calomicrolaimus honestus (9.73%) −
Halaphanolaimus sp. (8.92%) −

Daptonema trabeculosum (8.31%) +
Cyartonema germanicum (7.56%) −

Enoplolaimus longicaudatus (7.56%) +
Metoncholaimus pristiurus (7.21%) +

Synonchiella edax (4.62%) +

UC vs. As2 47.3

Cyartonema germanicum (7.64%) ø
Halaphanolaimus sp. (7.26%) −

Enoplolaimus longicaudatus (7.25%) +
Calomicrolaimus honestus (7.15%) −

Odontophora villoti (6.58%) +
Metoncholaimus pristiurus (6.54%) +
Daptonema trabeculosum (6.37%) +
Daptonema normandicum (4.4%) −

UC vs. Ag1As1 21.49

Halalaimus gracilis (9.79%) +
Daptonema trabeculosum (5.96%) +
Marylynnia steckhoveni (5.86%) +
Halaphanolaimus sp. (5.56%) −

Thoonchus inermis (5.26%) ø
Synonchiella edax (4.98%) −

Prochromadorella longicaudata (4.97%) −
Spirinnia parasitifera (4.33%) −

Enoplolaimus longicaudatus (4.14%) +



Diversity 2023, 15, 836 11 of 16

Table 4. Cont.

Comparisons
SIMPER

Species
AD (%)

UC vs. Ag2As2 23.85

Metoncholaimus pristiurus (6.49%) +
Longicyatholamus longicaudatus (5.24%) −

Thalassironus britannicus (5.23%) −
Daptonema fallax (5.17%) −

Daptonema trabeculosum (4.93%) +
Thoonchus inermis (4.63%) +

Sabatieria splendens (4.42%) −
Parasphaerolaimus paradoxus (4.25%) st
Prochromadorella longicaudata (4.1%) −
Omcholaimellus calvadocicus (4.04%) +

Halaphanolaimus sp. (3.99%) −

UC vs. Ag2As1 19.97

Spirinnia parasitifera (5.98%) −
Marylynnia steckhoveni (5.71%) +

Bathylaimus sp. (5.46%) −
Thalassironus britannicus (5.4%) −

Metoncholaimus pristiurus (5.22%) +
Enoplolaimus longicaudatus (5.21%) +

Prochromadorella longicaudata (4.65%) −
Sabatieria punctata (4.57%) st
Halalaimus gracilis (4.31%) +
Phanoderma sp. (4.24%) st

UC vs. Ag1As2 37.92

Halaphanolaimus sp. (12.65%) ø
Daptonema trabeculosum (8.07%) +

Metoncholaimus pristiurus (7.89%) +
Calomicrolaimus honestus (7.1%) −

Synonchiella edax (7%) +
Valvaelaimus maior (5.2%) +

Marylynnia puncticaudata (4.24%) −

• Comparing the species’ relative frequency among treatments, several trends were
observed. First, with respect to Ag1 and Ag2 versus control, the relative abundance
of the nematodes changed. The relative abundances of the species C. honestus and
Halaphanolaimus sp., decreased, whereas those of M. pristiurus and D. trabeculosum
increased (Table 4). The species L. longicaudatus disappeared in Ag2, whereas the
frequency of O. calvadocicus increased compared to Ag1 and control.

• In As1 and As2, the relative abundances of C. honestus, Halaphanolaimus sp., and
C. germanicum decreased compared to the control (Table 4); the latter species disap-
peared in As2. In contrast, the abundance of the species M. pristiurus, D. trabeculosum,
and E. longicaudatus increased in both arsenic treatments compared to controls. Similar
taxonomic changes in nematofauna were also observed after exposure to Ag1As2,
namely C. honestus ↓, Halaphanolaimus sp. ↓, M. pristiurus ↑, and D. trabeculosum ↑
(Table 4).

• In Ag2As1 the relative abundances of M. pristiurus and E. longicaudatus were higher
compared to control. SIMPER analyses (Table 4) revealed that the taxonomic changes
compared to controls were sometimes linked to one of the two xenobiotics and some-
times to both (Table 4). Several species exhibited an opposite response in mixtures
when compared to treatments applied separately (i.e., S. edax in Ag1As1 and P. para-
doxus in Ag2As2).

4. Discussion

The purpose of the present experiment was to study the separate and combined
effects of arsenic and silver NPs on meiobenthic nematodes. The size of nanoparticles used
in the current experiment (<100 nm) implies that the potentially hazardous space is not
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pelagic but benthic because the particles have already undergone strong fractionation. The
current study included several novel aspects: (1) the taxonomic effects of arsenic and silver
NPs have never been studied for meiobenthic nematodes, (2) is it possible or not to use
silver NPs for remediation purposes of marine areas contaminated by arsenic? The main
goals of the current study were thus to study the individual effects of these xenobiotics
and their possible interactions and to measure if Ag NPs are eventually responsible for
metal extraction.

4.1. Do Meiobenthic Abundances Change When Exposed to Different Treatments?

Abundances of free-living marine nematodes are generally lower in treated assem-
blages, except for Ag2As1, with two obvious trends with regard to the nature (single or
combined) or the intensity (low or high concentration) of treatments. Indeed, it seems that
the increase in the contamination level was associated with a higher negative numerical
effect for both types of pollutants. It was easy to provide satisfactory explanations for the
low abundances in Ag2 and As2, which were significantly lower than in controls. This may
be explained by the potential toxicity of arsenic and Ag NPs in direct contact with nematode
cuticles. These xenobiotics are most probably ingested with sediments by deposit feeders.
The decrease in abundance under stress is a classic response for meiobenthic nematodes
and is in accordance with findings of [27,43–45], who confirmed the same outcomes for
nickel, cobalt, zinc, chromium, and cadmium. In the case of nanoparticles, no works at all
are known in the literature for meiobenthic nematodes. However, it must be said that a ne-
maticidal activity of chitosan-derived silver nanoparticles was documented experimentally
against the root-knot nematode Meloidogyne incognita that infests tomato plants [46,47].

The fact that microcosms with mixed treatments were discernibly more populated
than those with single ones seems to support that Ag NPs possess complexing potential
towards arsenic, especially since the abundances of Ag2As1 did not differ significantly from
those of UC. At the moment, such assumptions are difficult to confirm since the taxonomic
diversity of these worms has not been explored yet.

4.2. How Do Nematodes Respond to the Treatments at the Taxonomic Level?

The same impact of As and Ag NPs on taxonomic diversity was found at the end
of the current experiment. Indeed, the microcosms with the highest concentrations of
arsenic and silver NPs were significantly less rich in species than all the rest of the as-
semblages, including the control one. For both types of xenobiotics, C. honestus (2A, co)
and Halaphanolaimus sp. (1A, co) appeared as sensitive taxa and M. pristiurus (2B, cla) and
D. trabeculosum (1B, cla) as tolerant/opportunistic ones. These responses suggest that these
taxa are metal-sensitive regardless of the particle sizes of the pollutant introduced.

The classification above seems to be related first to the trophic level because Ag2 and
As2 were characterized by a lower frequency of epistratum feeders (or diatom consumers)
and microvores. Thus, benthic diatoms and/or associated bacteria probably emerged
as the main targets at 1 mg·L−1 of As or Ag NPs, which contributed to the observed in-
crease in mortality of nematodes 1A and 2A. The literature review of [48] on the uptake
and toxicity of silver NPs in autotrophic algae and heterotrophic microbes supported the
findings obtained. Indeed, these authors stated that NPs, with large surface-to-volume
ratios, are functionalized with target-specific biomolecules and, thus, can efficiently de-
stroy bacteria [49]. Furthermore, it is well known that Ag NPs are commonly used due
to their electrical conductivity and wide antimicrobial activity against various microor-
ganisms [50]. Various algal species have also been tested for the toxicity of Ag NPs at
various concentrations, namely, Chlorella vulgaris [51], Dunaliella tertiolecta [51], Euglena
gracilis [52], and Thalassiosira pseudonana [53]. It appears that, for algal species, the Ag NPs
affect the photosystem II (PSII) photochemistry and cause an alteration of the oxygen evo-
lution complex, inhibition of electron transport activity, and structural deterioration of the
PSII reaction [54,55]. Similar toxicities were also found for arsenic for both algae [56] and
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microorganisms [57], which may support a harmful indirect impact of As on nematodes 2A
and 1B as previously mentioned for Ag NPs.

SIMPER outcomes showed few other taxonomic changes specific to the exposure to
Ag NPs and to As. Thus, the presence of the first xenobiotic was followed by a proliferation
of O. calvadocicus (2B, cla) and the second by that of E. longicaudatus (2B, cla). The arsenic
was, in contrast, specifically harmful to C. germanicum (2B, co).

Overall, two feeding groups seem to be significantly favored under stress conditions:
non-selective deposit feeders (1B) and omnivores and carnivores (2B). The most obvious
explanation may be related to Ag NP- and arsenic-induced toxicity for sensitive nematodes
(obviously belonging to microvores and epistrate consumers). Indeed, both feeding types
of nematodes (i.e., 1B and 2B) may ingest detritus made of corpses of dead prey under
decomposition. This is common for 1B nematodes [39] but facultative for 2B ones who may
become detritivores depending on the available feeding resources [58].

Another functional axis must be evoked too: the tail shape. It was clear that worms
with clavate/conico-cylindrical tails were more encouraged than conical ones. It could
be hypothesized here that the first morphotype allows worms to move with large, more
frequent, and faster jumps since the tail functions like a spring. In contrast, it is supposed
that the conical caudal shape is more sensitive to pollution because of its larger support
lateral surface and, so, lower jumping potential in length, frequency, and speediness, which
certainly means longer exposure to pollution. An additional potential explanation for such
a pattern could also be the possibility of corpses acting as glue, binding to worms with
higher lateral surfaces in their caudal part (co).

Arsenic and Ag NPs had a less toxic impact on meiobenthic nematodes when com-
bined compared to their individual effects. This result could be deduced firstly from the
abundances observed in Ag2As1 which were comparable to controls and secondly from the
outcomes of multivariate analyses. Such an effect was logically related to an antagonism
between the two xenobiotics considered. Particularly, the multivariate analysis nMDS
showed an interesting significant difference between Ag1As2 and Ag2As1. The first treat-
ment possessed the highest ecotoxicity for meiobenthic nematodes (average dissimilarity
with controls = 37.92%), mainly through the harmful effect of As2 (SIMPER outcomes).
Thus, it could be suggested that: (1) As2 was able to camouflage Ag1 or (2) Ag1 was not
sufficient enough to neutralize As2. The latter hypothesis was finally retained since once
more Ag NPs were used in Ag2As2, the toxicity of As2, which was already proved when
it was applied individually, was reduced. Following the same principle, Ag1 NPs were
also able to neutralize As1. The best depollution performance was reached when the Ag
NPs were introduced using the highest concentration (Ag2) against the lowest level of
arsenic (As1).

That is why Ag2As1 was numerically and taxonomically the closest treatment to
controls with only 19.97% dissimilarity. A similar finding was previously observed for
polyvinyl chloride microplastics by [45] and [20] in the case of cadmium and chrysene,
respectively. Following the same logic, the formation of aggregates of arsenic on sediment
particles to which the NPs become bonded places arsenic internally far from nematodes.

In addition, these aggregates with NPs in the outer border may make the substrate
itself coarser and reduce, at least partly, the availability of nanoparticles for nematodes.
The particle agglomeration is frequently observed in published works involving silver NPs,
especially when they exist in media with high ionic strength (>10 mM) [59]. This agglomer-
ation may also affect their bioavailability by reducing their rate of degradation or cuticular
uptake by nematodes, as naturally larger aggregates are less efficiently internalized.

5. Conclusions

The multitude of responses in the current experiment exhibited by the marine ne-
matode communities demonstrates the importance of comprehensive assessments when
evaluating the potential risk of released chemicals in the marine realm. Specifically, the
highest concentrations of silver nanoparticles and arsenic, when added alone, induced
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a strong reduction in the overall abundance of nematode communities. The release of
silver nanoparticles and arsenic into marine coastal habitats can have a detrimental impact
on aquatic fauna. Both compounds seem to make the sediment matrix gluey and have a
negative impact on certain trophic guilds, such as the microvores and diatoms feeders.

Another important finding of the current experiment was the fact that the mixed effect
of lower and higher dosages of silver nanoparticles and arsenic, respectively, had apparently
no negative impact on the taxonomic composition and abundance of nematofauna. It is
possible that the combination of both pollutants reduces the overall toxicity by bonding
arsenic to silver nanoparticles. The interaction between arsenic and the complexes of silver
nanoparticles can be considered an understudied depollution method, important for the
protection of living organisms. The results of the current experiment emphasize the need
for future ecotoxicological experiments in order to have a better understanding of these
intimate interactions among silver nanoparticles, arsenic, and marine nematodes.
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