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ARTICLE INFO ABSTRACT

Keywords: At the end of March 2020, ivermectin was confirmed as a drug for COVID-19 treatment. A significant amount of
COVID-19 ivermectin could deposit into sediments of the semi-closed Mediterranean Sea, where three European COVID-19
Ivermectin epicenters are located: Italy, Spain, and France. Meiobenthic nematodes were exposed to three ivermectin doses
Ecotoxicity (1.8ng.g~*, 9ng.g" ', and 18 ng.g ") for 10 days. Ivermectin caused a great reduction in abundance. However,

Meiobenthic nematodes the diversity indices decreased only at high doses. Ivermectin disadvantaged the 1B-Cr-Id functional type (non-

selective deposit feeders and nematodes with circular or indistinct amphids) and benefited the 2A-REL-Sp type
(epistrate feeders and nematodes with rounded or elongated loop amphids). Thus, Trophic Diversity and
Amphideal Diversity index values increased with sedimentary ivermectin enrichment. Large amphideal foveas
were more efficient for 2A-REL-Sp nematodes to avoid ivermectin. The responses of the functional type 2A-REL-
Sp and corresponding taxa predict post-COVID-19 environmental concerns and the bioaccumulation of iver-

mectin in seafoods.

1. Introduction

Coronavirus Infectious Disease 2019 (COVID-19) is an emerging
viral global crisis caused by the SARS-CoV-2 coronavirus strain
(Whitworth, 2020). Worldwide, the number of people affected by the
virus (3,578,301, https://www.who.int/, visited on May 5, 2020) has
almost tripled in the last 12 days , as has the number of deaths. The
overall case fatality rate (i.e., the number of deaths out of total number
of infected persons) is 7% with rates from 10 to 20% in the main
European epicenters: France, the United Kingdom, Italy, and Spain.
Outside of Mediterranea, the United States of America leads the world
in the number of infected cases, which are approaching a million, and a
fatality rate of 5.66% while struggling to curtail the virus.

Since the beginning of the COVID-19 pandemic, the scientific
community has circulated the following as potential treatments (Abd
El-Aziz and Stockand, 2020): (1) chloroquine, a treatment originally
intended for the prevention and treatment of malaria which is a para-
sitic (nonviral); (2) several antivirals that were previously used to stop
other viruses (e.g., HIV, dengue, influenza, and Zika) from replicating,
at least in laboratory conditions; (3) the use of vaccines to reduce the
impact of COVID-19 such the tuberculosis vaccination, which treats a
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bacterial (nonviral) disease, and (4) the use of antibody serums which
requires injecting the blood plasma serum of recovered patients into the
blood of critically ill patients and is commonly called “serotherapy.”
The common theme of all these treatments (except antivirals) is to
suppress the action of COVID-19 by stimulating the immune system.
A recent study by Caly et al. (2020), Australian scientists from
Monash University and the Peter Doherty Institute for Infection and
Immunity, suggests that ivermectin is able to produce a ~5000-fold
reduction in viral RNA and stop SARS-CoV-2 from replicating within 24
to 48 h after cell culture exposure. Since the 1980s, ivermectin has been
used as an antiparasitic to treat and prevent diseases related to in-
vertebrate parasites in humans, pets, and livestock (Mesa et al., 2020).
The use of ivermectin as a possible treatment for COVID-19 has had
promising results in laboratory studies and provided some promise,
after urgent clinical tests on people infected with SARS-CoV-2, to en-
able precise doses and delivery methods which could stop the progress
of the pandemic (Caly et al., 2020). If the efficacy of this drug is
clinically accepted for use against COVID-19, which is likely to occur in
the very near future based on enormous global efforts in terms of means
and money, the release of ivermectin into marine areas will increase
suddenly which poses many questions concerning its short-term and
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long-term ecotoxicity.

To investigate short-term ecotoxicity, the following criteria were
needed: (1) experiments with short durations to quickly evaluate drug
which could be used in significant quantities by COVID-19 patients
around the world; (2) small model organisms at the base of the food
chain to detect toxic effects in early stages of drug distribution; (3) a
benthic model taxa with no planktonic larvae, since ivermectin is per-
sistent and adheres quickly to marine sediments with a half-life that
exceeds 100 days (Halley et al., 1993; Davies et al., 1998); and (4) a
model taxa with a global distribution to generalize conclusions for
distant countries influenced by the COVID-19 pandemic. All these cri-
teria are met in free-living marine nematodes which constitute the most
abundant and diverse component of marine ecosystems (Moens and
Vincx, 1997). They can reach densities of up to several million in-
dividuals m =2 (Moens and Vincx, 1997) and > 7000 species have been
described (Bezerra et al., 2019). These holobenthic worms are small
(1-5 mm in average length) with a significant role in the “small food
web” which is made up of bacteria, protists, and meiofauna (Heip et al.,
1985). Schratzberger and Warwick (1998), they have short generation
times (egg to egg-laying parent) of days to weeks, and thus are suitable
to set-up in short-term laboratory bioassays. Numerous studies have
also highlighted the high potential of nematodes as bioindicators due to
their susceptibility, resistance, or proliferation with respect to xeno-
biotic loads (Lee and Correa, 2005; Mahmoudi et al., 2005; Beyrem
et al., 2007; Hedfi et al., 2007; Mahmoudi et al., 2007; Hermi et al.,
2009; Beyrem et al., 2010). Interestingly, meiobenthic nematodes
constitute the main food source for the larvae of several microbenthic
taxa that are consumed by humans as seafood which include fishes
(Albertini-Berhaut, 1974), crabs (Fitzhugh and Fleeger, 1985), and
shrimps (Wilcox and Jeffries, 1979). Given these circumstances, we can
anticipate that the consumption of seafoods captured from the coasts of
countries where ivermectin was used to treat COVID-19 represents a
major human health risk. Thus, it is important to identify “tolerant” and
“opportunistic” nematodes as these taxa probably possess the ability to
accumulate or metabolize ivermectin that is present in their environ-
ments.

At this point, the focus is on the results of an experimental study
which aims to evaluate whether the eventual massive use of ivermectin
against COVID-19 will lead to ecotoxic effects on meiobenthic nema-
todes, or not, after assessing their abundance and taxonomic and
functional diversity in response to a range of ivermectin doses.

2. Materials and methods
2.1. Sampling

Samples consisting of the top 3 cm of sediment were collected from
a pristine coastal site at Ghar El Melh lagoon (37°0910’N; 10°1301’E)
(Fig. 1) using plexiglass hand-cores (3.6 cm inner diameter) (Coull and
Chandler, 1992). On the sampling day, the following measurements
were obtained: water depth of 40 cm, salinity of 38.2 PSU, pH of 8.35
and temperature of 16.8 °C.

2.2. Sediment characteristics

Upon returning to the laboratory, the sediment was manually
homogenized with a large spatula. First, sub-samples were dried at
45 °C until constant weight to evaluate water content and then used
after heating to 450 °C for 6 h to measure the percentage of organic
matter (Fabiano and Danovaro, 1994). The silt-clay fraction (< 63 pm)
was deduced after wet sieving dried sediment on 63 um mesh size
(Buchanan, 1971). Cumulative curves were also plotted for the coarse
fraction (=63 pum) to determine the mean grain size (Buchanan, 1971).
Three sub-sample replicates, of 100 g Dry Weight (DW) each, were
analyzed. The results showed that the sediment used at the start of the
experiment was characterized by a mean grain size of
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1.04 = 0.07 mm, organic matter of 9.14 *= 1.76%, a water content of
26.77 * 4.14%, composed of a coarse fraction of 43.52 *+ 6.41%, and
silt-clay fraction of 56.48 = 6.41%.

2.3. Sediment contamination and experimental set-up

The sediment collected from the field was divided in two parts; the
first portion was designated for experimental contamination and the
second portion was stored in a bucket and aerated using an air pump.
Before starting the contamination process, the sediment was defaunated
by repeating a defaunation process, freezing the sediment to —20 °C for
12 h and thawing at room temperature for 48 h, three times
(Schratzberger et al., 2004). Numerous sediment sub-samples of 100 g
Wet Weight (WW) were used for invermectin contaminatation. After
the ivermectin was dissolved in acetone (99.8%), and the sediment was
spiked with the drug in a cold dark room at 4 °C to avoid any eventual
transformation of the ivermectin. The work of Louati et al. (2013) and
Allouche et al. (2020a) proved that acetone is not toxic to meiobenthic
nematodes. After three days of acclimatization, the overlying water was
removed from the buckets containing natural sediment. Then, 100 g
WW of contaminated sediment were gently mixed with a large spatula
with 200 g WW of sediment populated with meiofauna to reach three
doses of ivermectin: D1 (1.8 ng.g™!), D2 (9 ng.g™'), and D3
(18 ng.g’l). The doses were chosen based on the work of Davies et al.
(1998) who provided a sediment dwelling taxon, the mud shrimp
(Corophium volutator), with ivermectin and experienced a 10 day LC50s
of 180 ng.g ™! DW. It is known that this amphipod grows up to 10 mm
and the average size of meiobenthic nematodes is about 1 mm which
results in a biometric ratio of 10. For this reason, we decided to choose
18 ng.g~! DW as our maximum concentration (D3) after dividing the
10 day LC50s of 180 ng.g~ ' DW found for Corophium volutator by 10.
Then, D1 and D2 were deduced after dividing D3 by 10 and 2, re-
spectively. Thus, our D1 and D2 doses are moderately contaminated by
ivermectin. However, D3, which has a higher ivermectin concentration,
will correspond to the hypothetical sedimentary loads of ivermectin
following its massive use as a COVID-19 treatment.

Experimental microcosms consisted of 2 L glass bottles. One liter of
filtered lagoon water (0.1 pum) from the native site (37°09’10”N;
10°13’01”E) was used to fill the 12 microcosms since each of the four
treatments was triplicated. All microcosms functioned as a closed
system and received continuous ventilation via an air diffuser. The re-
liability of such an experimental design has been confirmed in nu-
merous publications (Schratzberger and Warwick, 1998; Mahmoudi
et al., 2005; Boufahja et al., 2015a, 2015b; Allouche et al., 2020b).
After 10 days in darkness, the experiment ended and the sediment was
preserved in 4% neutralized formaldehyde for further meiobenthic
nematode study.

2.4. Nematode study

The extraction of meiofauna was performed using the levigation-
decantation method followed by sieving on 1 mm and 40 um sized mesh
(Vitiello and Dinet, 1979). The meiofauna present in the sediment
portion retained by the 40 pm sieve was kept in 4% formaldehyde and
stained with a few drops of Rose Bengal (0.2 g1 ') until counting and
identification began (Guo et al., 2001).

The meiofauna were tallied using a 50 X stereomicroscope (Model
WildHeerbrugg M5A) and 100 individuals were taken from each re-
plicate. Microscopic slides were then prepared using the glycerol-
ethanol rapid method as reported in Seinhorst (1959).

The identification of taxonomic and functional traits was performed
using a 100x oil immersion objective attached to a Nikon DS-Fi2
camera and mounted on a Nikon microscope (Image Software NIS
Elements Analysis Version 4.0 Nikon 4.00.07-build 787-64 bit). Genus
identification required use of keys, specifically those of Platt and
Warwick (1983, 1988) and Warwick et al. (1998). NeMys database
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Fig. 1. Location of Ghar El Melh lagoon in relation to the Mediterranean Sea and the sampling site.

(Bezerra et al., 2019) was necessary to use in order to identify to species
level after examination of the body features, measurement of several
dimensions, and calculation of various morphometric ratios.

Nematode taxa were categorized into 4 types according to the
morphological function of their buccal cavities (Wieser, 1953): selective
deposit feeders (1A), non-selective deposit feeders (1B), epistrate-fee-
ders (2A), and carnivores omnivores (2B). Additionally, the shape of the
amphideal fovea was examined and five main categories were dis-
tinguished (Semprucci et al., 2018): indistinct (Id), pocket-like (Pk),
spiral (Sp), rounded or elongated loop (REL), and circular (Cr).

2.5. Data processing

Statistical analyses of data were performed using the Plymouth
Routines in Multivariate Ecological Research (Primer v5.0) software

package via the standard methods described by Clarke (1993) and
Clarke and Warwick (2001). For each microcosm, four univariate in-
dices were considered: abundance, species number (S), Margalef's
species richness (d), and Shannon index (H’, log.). Two functional in-
dices were considered: the Trophic Diversity Index (TDI) of Heip et al.
(1985) and a new index we proposed, the Amphideal Diversity Index
(ADI). The formula used for the calculation was identical, 6%, where 6
is the frequency of each functional category. High values indicate the
predominance of one or more categories.

Data were first log_ or log (x + 1)-transformed to fulfill parametric
requirements, Gaussian normality, and homogeneity of variances. Two
tests were necessary: the Kolmogorov-Smirnov test to evaluate the first
condition and the Bartlett to check the second condition. A one-way
analysis of variance (AVOVA) was used to detect the overall significant
difference between treatments. For multiple comparisons, the Tukey's
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Fig. 2. Changes in abundance (above/left) and diversity indices (above/right) of meiobenthic nematodes for the control community (C) and following the addition of
3 concentrations of ivermectin (D1, D2, and D3) and the corresponding non-metric MDS plot based on species abundances (below). Asterisks above bars indicate

significant differences (p < 0.05).

HSD test was used (Statistica version 5.1).

Three multivariate analyses were performed: (1) non-metric Multi-
Dimensional Scaling ordination (nMDS) using the Bray-Curtis matrix of
similarity, (2) Correspondence Analysis, and (3) the SIMPER procedure.
The latter analysis was particularly useful for determining the con-
tribution of each species or the mean functional trait dissimilarity with
controls. The software PRIMER v5.0 was used to perform the first and
third analyses and the software PAST v3.26 was used to perform the
second analysis.

3. Results
3.1. Abundance

Ivermectin contamination caused a significant decrease in abun-
dance and the community lost approximately ~6/7 of all individuals in
terms of the average nematode abundance for all doses tested (Fig. 2).
The results of our statistical analyses supported the pre-mentioned
trend and the ivermectin replicates were significantly different from the
controls but not from each other (Fig. 2).

3.2. Taxonomic diversity

Thirty-one species, belonging to 30 genera and 18 families, of
meiobenthic nematodes were recorded in the control microcosms (C).
The control community was dominated by four taxa with an average
relative abundance higher than 10% each: Paracomesoma dubium,
Neochromadora  poecilosomoides, = Marylynnia  stekhoveni,  and
Prochromadorella neapolitana (Table 1).

The average values of species number and Margalef's Species
Richness decreased corresponding to increased levels of ivermectin in
the sediment. However, this pattern was only significant in the D3
dosage (Fig. 2). Regarding the Shannon Index, declines were also

observed and significant declines began in the D2 dosage.

The ordination of microcosms by the nMDS method showed that
ivermectin contamination had a clear effect on the taxonomic diversity
of nematodes (stress = 0.05). Indeed, contaminated replicates are
clearly separated from controls at the right side of the plot (Fig. 2). The
SIMPER analysis showed an increase in the average taxonomic dis-
similarity of control nematofauna with the increase of sedimentary
ivermectin loads in relation with discernible changes in the abundance
of several species (Table 2). Globally, the gradual addition of iver-
mectin to sediments was followed by two types of responses: (1) a lesser
marked presence, if not a disappearance, of a first group of taxa which
was composed of Promonhystera sp., Bathylaimus australis, Chromadorita
sp., Terschellingia longicaudata, N. poecilosomoides, Daptonema fallax,
Theristus flevensis, Oncholaimus campylocercoides, Prochromadorella nea-
politana, and Paramonohystera pilosa; and (2) a higher presence of five
species which include Spirinnia gerlachi, Paracomesoma dubium, Mar-
ylynnia stekhoveni, Chromadorina metulata, and Microlaimus cyathlai-
moides.

3.3. Functional diversity

3.3.1. Feeding groups

The most abundant feeding categories of the control and ivermectin-
contaminated microcosms were episterate feeders (2A) followed by
non-selective deposit feeders (1B) (Fig. 3). The ordination of treatments
using the nMDS method confirmed the significant trophic restructuring
of the nematofauna after introducing ivermectin (stress = 0.09). In-
deed, control replicates were separated from the ivermectin ones in the
left side of the plot. Such treatment patterns were supported by an in-
crease in average dissimilarity values of the controls corresponding
with increasing ivermectin concentrations in the sediment
(14.93-26.33%) (Table 2). This result was significantly accompanied by
a greater presence of 2A nematodes and lesser presence of 1B
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Species list and biological traits of meiobenthic nematode species identified for the control community (C) and after addition of 3 concentrations of ivermectin (D1,
D2 and D3). Feeding groups according to Wieser (1953) (FG): selective deposit-feeders (1A), non-selective deposit-feeders (1B), epistratum-feeders (2A), omnivores
carnivores (2B); amphid shape (Am): circular (Cr); indistinct (Id); pocket-like (pk); rounded or elongate loop (REL); spiral (sp).

Species Functional traits Treatments

FG Am C D1 D2 D3
Anticoma sp. 1A Pk 1 +1 1.67 = 1.53
Axonolaimus sp. 1B REL 0.33 = 0.58 1 =173
Bathylaimus australis 1B Sp 30
Chromadorita sp. 2A Id 2.33 + 1.53
Chromadorina metulata 2A Id 1.33 = 1.53 4.67 = 2.08 1.33 + 1.53
Chromadora nudicapitata 2A 1d 0.33 = 0.58 0.67 = 1.15
Cyatholaimus prinzi 2A SP 0.33 + 0.58 0.67 + 0.58 10
Daptonema normandicum 1B Cr 0.33 = 0.58 0.67 +* 1.15
Daptonema fallax 1B Cr 8.33 + 2.08 8.67 +* 1.15 1.67 + 0.58
Halalaimus gracilis 1A REL 0.33 + 0.58 0.67 + 0.58
Kraspedonema sp. 2A Sp 0.33 = 0.58 0.67 = 1.15 1 1
Marylynnia stekhoveni 2A Sp 11.33 = 1.15 18 = 4.00 23.67 * 8.33 16.67 * 4.16
Microlaimus cyatholaimoides 2A Cr 0.33 = 0.58 1.33 = 1.53 1.67 = 1.53 6.33 + 2.52
Metalinhomoeus numidicus 1B Cr 1.33 = 0.58 2.33 + 0.58 2.67 + 0.58 1.67 = 0.58
Neochromadora poecilosomoides 2A Id 12.67 += 1.15 2.67 + 1.53 1.67 + 1.53
Nannolaimoides sp. 1A Sp 0.33 = 0.58
Oncholaimus campylocercoides 2B Pk 1.67 = 0.58 0.33 = 11
Odontophora sp. 1B REL 0.33 = 0.58 0.67 = 0.67 = 0.58 1.33 £ 0.58
Paracomesoma dubium 2A Sp 22 *+ 4.58 43.67 + 51.33 + 7.23 40.67 *+ 9.07
Paramonohystera pilosa 1B Cr 8 £ 2 0.33 = 0.58 1 +£1
Promonhystera sp. 1B Cr 5.33 = 1.53
Prochromadorella neapolitana 2A 1d 10.67 = 1.53 1.67 = 2.08 0.67 + 0.58
Ptycholaimellus sp. 2A Id 0.33 = 0.58
Spirinnia gerlachi 2A REL 0.33 = 0.58 11.33 = 1.53 9.33 = 3.21 27 £ 7
Synonchiella edax 2B Sp 11 0.33 + 0.58 0.67 * 1.15
Siphonolaimus sp. 2B Cr 0.33 = 0.58 1 +1 0.67 + 1.15
Sphaerolaimus sp. 2B Cr 0.33 = 0.58
Theristus flevensis 1B Cr 3.67 = 1.15 1.33 = 1.15
Terschellingia longicaudata 1A Cr 1.33 = 1.15 0.67 * 0.58
Thalassironus britannicus 2B Pk 0.33 + 0.58
Viscosia sp. 2B Pk 0.33 = 0.58 1 + 1.73 0.33 £ 058

nematodes (Fig. 3, Table 2). The nematodes in groups 2B and 1A were
particularly influenced by the lowest and highest concentrations of
ivermectin, respectively (Table 2). The nMDS analyses based on dis-
tributions of species and feeding groups showed 87.28% of similarity.

3.3.2. Amphid shapes

The control community was dominated by taxa possessing spiral
amphids, circular amphids, and indistinct amphids; those characterized
by pocket-like or “rounded or elongated loop” amphids were less re-
presented. The nMDS plot (Fig. 3, stress 0.05) showed that the
ivermectin contamination was followed by a discernible restructuring
of the different categories of amphids. Indeed, the ivermectin treat-
ments were placed far from controls in the nMDS plot (average dis-
similarity with controls 25.93-38.72%). On the other hand, the
SIMPER analysis showed commonly significant numerical reduction for
taxa with indistinct amphids and a stronger presence of those with
“rounded or elongated loop” amphids. Occasional changes also oc-
curred (1) at D1 where a higher abundance of nematodes with spiral
amphids was observed, and (2) at D3 where a decrease in abundance
was noted concerning nematodes with circular amphids. The nMDS
analyses performed with species and amphids matrices showed 94.82%
of similarity.

4. Discussion

Several studies have been published so far in association with the
response of marine taxa after ivermectin exposure. Davies et al. (1997)
reported a decrease in the abundance of the crustacean Neomysis integer
as a result of a 10 day LC50 of 70 ng.1~ ! ivermectin. In the case of the
polychaete Arenicola marina, ivermectin toxicity was demonstrated in
the laboratory and the 10-day LC50 was equal to 23 pg.kg ~* DW (Thain

et al., 1997). For the amphipod Corophium volutator and the starfish
Asterias rubens, the 10-day LC50s of ivermectin were much higher and
corresponded to 0.18 mg.kg ™! DW and 23.6 mg.kg~ ! DW, respectively
(Davies et al., 1998). The crustacean Daphnia magna appeared to be
more sensitive to ivermectin. Indeed, a significant reduction in the
average abundance of this species was found in parallel with increasing
ivermectin concentrations until a total disappearance was recorded at
1314 pg.kg_l DW (Schweitzer et al., 2010). Boonstra et al. (2011)
conducted an experiment to assess the effect of ivermectin on zoo-
plankton and macroinvertebrates. For zooplanktonic organisms, au-
thors reported a reduction in abundance for two cladoceran species
(Chydorus sphaericus and Daphnia longispinas). Similar results were
previously found by Sanderson et al. (2007) who reported that clado-
cerans completely disappear from ivermectin-contaminated micro-
cosms following 10 days of contamination at a concentration of
30 ng.l’l. In the case of macroinvertebrates, Boonstra et al. (2011)
reported that 27 days of exposure to 1 pg.l ™! of ivermectin resulted in a
significant decrease in density of the amphipod Gammarus pulex. Al-
though these results are interesting, they remain local as the studied
taxa have restricted geographical distributions which are not appro-
priate in the case of globally widespread COVID-19. In contrast, the
results obtained in this study could be universally generalized since (1)
nematodes are the most abundant and diversified biota in marine areas
(Boufahja et al., 2015b); (2) they are known to be ubiquitous and are
often the last organisms to disappear in extreme conditions (Heip et al.,
1985); and (3) species are cosmopolitan, which is classically known as
the “meiofauna paradox” (Boeckner et al., 2009).

The current study confirmed that features of meiobenthic nema-
todes have been significantly affected by the sedimentary ivermectin
enrichment. This effect was deduced from a significant reduction of
both abundance and diversity descriptors. Particularly, the highest dose
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Dissimilarity percentages (Av. Diss) between the control community (C) and those exposed to ivermectin (D1, D2 and D3) and results of SIMPER analysis. Only
species and functional traits accounting for ~70% of overall dissimilarity are given. More abundant (+); less abundant (—); eliminated (); feeding group (FG);
selective deposit-feeders (1A), non-selective deposit-feeders (1B), epistratum-feeders (2A), omnivores carnivores (2B); amphid shape (Am); circular (Cr); indistinct

(Id); rounded or elongate loop (REL); spiral (sp).

Species

Functional traits

FG

Am

Cvs. D1

Cvs. D2

Cvs. D3

Av. Diss = 45.13%

Spirinnia gerlachi 9.92% (+)
Paramonohystera pilosa 8.12% (—)
Promonhystera sp. 7.53% (o)
Prochromadorella neapolitana 7.39% (—)

Neochromadora poecilosomoides 6.52% (—)

Paracomesoma dubium 6.27% (+)
Bathylaimus australis 5.67% ()
Chromadorita sp. 4.84% ()
Chromadorina metulata 3.92% (+)
Theristus flevensis 3.15% (—)
Oncholaimus campylocercoides 3.10% (—)
Terschellingia longicaudata 3.03% (9)
Marylynnia stekhoveni 2.84% (+)

Av. Diss = 56.42%

Neochromadora poecilosomoides 9.63% (o)
Daptonema fallax 7.75% (o)

Spirinnia gerlachi 7.28% (+)
Prochromadorella neapolitana 7% (—)
Paracomesoma dubium 6.68% (+)
Promonhystera sp. 6.22% (o)
Paramonohystera pilosa 5.42% (—)
Theristus flevensis 5.16% (9)

Bathylaimus australis 4.69% (o)
Chromadorita sp. 4% ()

Marylynnia stekhoveni 3.93% (+)
Oncholaimus campylocercoides 3.45% ()
Av. Diss = 57.65%

Spirinnia gerlachi 13.16% (+)
Prochromadorella neapolitana 8.88% (—)
Paramonohystera pilosa 7.66% (—)

Av. Diss = 14.93%
1B 40.81% (-)
2A 25.68% (+)
2B 18.21% (—)

Av. Diss = 21.05%
1B 51.53% (—)
2A 23.72% (+)

Av. Diss = 26.33%
1B 45.24% (—)

2A 22.71% (+)

1A 19.62% (9)

Av. Diss = 25.93%
REL 35.24% (+)

1d 23.05% (—)

Sp 15.99% (+)

Av. Diss = 36.15%
1d 28.67% (—)

REL 24.79% (+)

Cr 20.70% (—)

Av. Diss = 38.72%
REL 37.30% (+)

1d 29.59% (-)

Cr 16.27% (—)

Neochromadora poecilosomoides 6.89% (@)
Promonhystera sp. 6.27% (@)

Microlaimus cyatholaimoides 5.87% (+)
Theristus flevensis 5.20% (9)

Bathylaimus australis 4.72% ()
Paracomesoma dubium 4.58% (+)
Daptonema fallax 4.33% (o)
Chromadorita sp. 4.03% ()

D3 caused a significant negative effect for all univariate indices con-
sidered. Several qualitative changes were detected through multivariate
analyses beginning with the lowest ivermectin concentration admini-
strated in reference to the controls. The Correspondence Analysis
summarized all the nematode responses and described the shift in
taxonomic and functional traits of the nematofauna in ivermectin-
contaminated sediments (Fig. 4).

The results of the SIMPER analysis (Table 2) and those shown in the
Correspondence Analysis plot (Fig. 4) confirmed that the presence of
ivermectin was harmful to 13 nematode species, considered herein as
negative bioindicators, namely, Promonhystera sp., Bathylaimus aus-
tralis, Chromadorita sp., Terschellingia longicaudata, N. poecilosomoides,
Daptonema fallax, Theristus flevensis, Oncholaimus campylocercoides,
Prochromadorella neapolitana, Paramonohystera pilosa, Synonchiella edax,
Sphaerolaimus sp., and Thalassironus britannicus. The life styles and ni-
ches abounded by these sensitive species after ivermectin exposure
were obviously occupied by 12 positive bioindicative taxa which, in
contrast, appeared to be opportunistic: Spirinnia gerlachi, Microlaimus
cyathlaimoides, Kraspedonema sp., Odontophora sp., Paracomesoma du-
bium, Marylynnia stekhoveni, Metalinhomoeus numidicus, Chromadorina
metulata, Cyatholaimus prinzi, Chromadora nudicapitata, Halalaimus gra-
cilis, and Siphonolaimus sp.

The responses of the aforementioned nematode taxa to sediment

ivermectin enrichment were dependent on their functional features and
more intensely to their amphid shape. In detail, species belonging to the
functional type 1B-Cr-Id were disadvantaged for the benefit of the
functional type 2A-REL-Sp. This explains why the Trophic Diversity
Index and Amphideal Diversity Index increased with increasing iver-
mectin concentrations in the sediment. It is known that amphids likely
play a role in nematode chemoreception (Decraemer et al., 2014;
Cesaroni et al., 2017). Logically, a larger amphid could be more effi-
cient in detecting xenobiotics like ivermectin in the surrounding en-
vironment. The small sizes of the circular amphids of non-selective
deposit feeders or indistinct amphids of Chromadorids did not allow
those taxa to detect and avoid ivermectin. Such a handicap may explain
the massive mortality observed in the nematode functional type 1B-Cr-
Id. As result, contaminated sediments should be enriched with dead
bodies which will be beneficial in the creation of new micro-habitats
and ecological niches. The nematodes belonging to the functional type
2A-REL-Sp seem to be more adapted to this type of sediment since their
“rounded or elongated loop” and spiral amphids are large and theore-
tically allow efficient detection and avoidance of ivermectin. This
functional type was characterized as opportunistic species since, after
hiding in microhabitats organically enriched with decomposing bodies,
they will survive by consuming diatoms and ciliates. These latter taxa
are known to be advantaged by the organic enrichment of the
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environment (Boucher, 1997; Raes et al., 2007). On the other hand, it
seems that the mortality of sensitive taxa occurred at the start of the
experiment. This was assumed since the frequency of predators was low
at the end which means that freshly dead prey were rare (Moens and
Vinex, 1997; Semprucci et al.,, 2018). Alternatively, nematodes be-
longing to the functional type 2A-REL-Sp may eventually develop de-
toxification mechanisms to tolerate bodily exposure to ivermectin
(Allouche et al., 2020c). As a result of anticipated rigorous usage of
ivermectin during the COVID-19 pandemic, fishes and other macro-
benthic groups (e.g., crab, lobster, shrimp, and prawn) may easily ac-
cumulate this drug due their higher ranking in the marine food chain as
well as their consumption of nematodes during juvenile stages (Wilcox
and Jeffries, 1979; Albertini-Berhaut, 1974; Fitzhugh and Fleeger,
1985). Thus, the safety of seafoods for human consumption should be
cautiously monitored, as these organisms will contain high amounts of
ivermectin, especially if they are captured near the coasts of countries
severely impacted by the COVID-19 pandemic.

5. Conclusions

Ivermectin has long been used as an anti-parasitic treatment. Lately,
this chemical has been proposed to be an effective and quick remedy for
COVID-19 (Caly et al., 2020). In case ivermectin is extensively utilized
to suppress the spread of COVID-19, we predict that high quantities of
ivermectin will be deposited into the sea. We are particularly concerned
about potential contamination of the Mediterranean Sea since (1) it is a
semi-closed ecosystem characterized by a low renewal rate of its waters,
and (2) due the fact that three surrounding countries have experienced
very high COVID-19 infection and death rates, namely, Italy, Spain, and
France. We decided to use meiobenthic nematodes to determine whe-
ther ivermectin could be safely used as a quick and extensive treatment
against COVID-19 and our results were supported by their ubiquism,
and cosmopolitan species behaviour. Therefore, the results obtained
from the examined nematode community, collected in Tunisia, could be
valid all over the world. Our results confirmed that the presence of
ivermectin was ecotoxic for meiobenthic nematodes after causing a
significant reduction in abundance and taxonomic diversity. The func-
tional type that was revealed to contain the most ivermectin was
composed of nematodes 2A-REL-Sp which could be indicative of unsafe
seafoods.
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