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1. Introduction

ABSTRACT

Extensive development of new applications using graphene based materials such as graphene oxide (GO)
increases its potential release and occurrence into aquatic environments, raising the question of its
biological and ecological risks. As standardized single species based assays fail to highlight toxicological
pathways implying interactions between organisms, the use of micro/mesocosms appears as a good
solution to fill the lack of environmental realism inherent to these tests. In this work, experiments were
achieved using microcosm systemns to expose a reconstituted food chain to GO at environmentally
relevant concentrations (0.05 and 0.1 mgL 1). The trophic chain was composed of a consortium of
algae and bacteria as primary producers, chironomid larvae as primary consumers and decomposers
while larvae of the amphibian Pleurodeles waltii constituted the secondary consumers. Monitoring of
multiple ecotoxicological and ecological endpoints allowed to observe changes in bacterial communities
while no toxic effects were noticed in chironomids. However, chironomids feeding behaviour changed as
a consequence of GO contamination, leading ® an increase in leaf litter consumption. Genotoxic effects
were noticed in Pleurodeles larvae. This study highlights the importance of using such experimental
systems to better encompass the ecotoxic potential of GO through the determination of taxicological
routes and consequences on ecosystem’s functioning.

waste treatments of the substance and may cause environmental
and health issues [7—10]. Due to its hydrophilic properties associated

Carbon based nanoparticles (CBNs) possess unique properties
(high surface area, electrical and thermal conductivity, mechanical
strength and optical transmittance) triggering tremendous scientific
expectations for development of a wide range of industrial applica
tions [1—5]. Graphene oxide (GO) is a chemically oxidized form of
graphene that consists of a single atom thick two dimensional sheet
of carbon atoms containing epoxide, hydroxyl and carboxyl groups.
Due toits high oxygen content, GO is a hydrophilic nanomaterial that
is stable when dispersed in aqueous media [6]. As other engineered
nanoparticles (ENPs), GO is likely to be released into the ecosystems
at any stage of its life cycle, from the production, the uses and the
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to high surface area and chemical functions, GO could potentially
react with many components of the environment, modifying its
ecological risk toward aquatic ecosystems [11].

Numerous toxicological studies of graphene based nano
materials (GBNs) were performed on mammalian cell lines or
human related biological models [8,12—14] while potential effects
on environmentally relevant models were not sufficiently investi
gated [15,16]. In addition, existing studies used assays performed
through exposure of single species to CBNs are essential to un
derstand toxicological mechanisms, these tests are poorly repre
sentative of environmental conditions [17]. For this purpose, the
use of more complex systems such as micro mesocosms was
shown to be efficient to assess the ecotoxic potential of multiple
contaminants under environmentally relevant conditions [17—20).
These experimental systems allow measurement of both



ecosystemic and toxicological endpoints in multiple interacting
species or communities, from different trophic levels, after direct
exposure of organisms as well as through trophic routes [21—23].
Thus, performing this type of study is becoming crucial for a better
understanding of potential environmental issues implying any
contaminant and including GO.

Previous works mainly focused on the ecotoxicological effects of
GO on organisms from lower trophic levels such as bacteria or algae
exposed in single culture. Antibacterial activity of GO was identified
[24—26] and among multiple GBNs, GO was shown to exert the
highest cytotoxicity toward the bacterial model Escherichia coli [27].
Concerning adverse effects toward algae, it was demonstrated that
GO exposure led to Chlorella sp. growth inhibition and produced
membrane damages through mechanical actions as well as oxidative
stress induction [28,29]. Studies carried out on organisms from
higher trophic levels (i.e. primary and secondary consumers) are still
scarce. It was indicated that GO induced behavioral disturbances of
crustacean larvae (Amphibalanus amphitrite and Artemia salina) and
was strongly accumulated in digestive tract [30,31]. In amphibians,
similar accumulation of GO was observed in gut of Xenopus laevis
tadpoles and growth was inhibited at high concentrations [32].
Observation of toxicological effects induced by GO on low trophic
level organisms raises the question of possible larger scale conse
quences through trophic network and on ecosystem functioning.

The aim of this study was to investigate the toxicity of GO under
realistic conditions to go further in the understanding of its impact
on organisms occupying multiple trophic levels and to determine
potential consequences on ecosystem’s functioning. For this pur
pose, microcosm systems were used to expose organisms interacting
through a reconstituted trophic chain. The biological models
retained for the study were chosen for being key species represen
tative of a simplified trophic chain from pond ecosystems [33,34].
Although they have significant ecological functions, number of hu
man activities are threatening these ecosystems as well as the
biodiversity they host, especially endangering species such as am
phibians [35]. For this purpose, the benthic diatom Nitzschia palea
and a bacterial consortium were settled to form a biofilm providing
food for chironomid larvae (Chironomus riparius) as primary con
sumers and decomposers. Secondary consumers were constituted by
the carnivorous larvae of the amphibian, Pleurodeles waltl, the
Spanish newt, that feed on macro invertebrates. As microbial com
munities are at the very basis of every ecosystem functioning and
due to their implication on global nutrient cycling [36], changes in
microorganism community composition were monitored during the
experiment. In terms of toxicological endpoints, survival and growth
parameters of the consumers were controlled as well as morpho
logical deformities in chironomids and count of micronucleated
erythrocytes in Pleurodeles [37,38]. Analysis of chironomids mouth
part deformities constitutes a marker of teratogenesis that is widely
used in pollution monitoring as well as micronuclei induction that is
a good indicator of genotoxicity, integrating aneugenic and clasto
genic effects that is used as endpoint in ISO 21427—1 procedure. Both
teratogenic and genotoxic biomarkers are considered as highly
predictable ecological endpoints at the population, community and
ecosystem level [39]. The process of leaf litter decomposition
ensured by chironomids and bacteria was also investigated, as it
constitutes an interesting functional ecological marker integrative of
lower trophic level activities [22,40].

2. Material and method
2.1. Graphene oxide nanoparticles

Graphene oxide nanoparticles were produced from twisted
ribbon shaped carbon nanofibers (GANF®) processed by Hummer

method [41] and supplied by Antolin Group. Full characterization of
the tested material was already presented in earlier work [42] and
data are summarized in Table 1. Both experiments were performed
within few weeks. GO was stored as dry powder in the dark and
dispersions were prepared extemporaneously in order to avoid any
possible change of material characteristics.

2.2. Stability of graphene oxide suspension in exposure media

The stability of the suspension of GO was evaluated using a
Turbiscan LAB (Formulation) equipment, at room temperature.
Suspensions were prepared at 10 mgL~! in deionised water (EDI)
or Volvic water immediately before analysis. This concentration
was assessed as low GO concentrations low could not be detected
by TurbiscanTM. The suspension was bath sonicated for 2 min
before insertion into the measurement chamber. Sedimentation
was monitored for 24h with 1 scan per minute by measuring
during each scan the transmission of the suspension vs the height
in the vial. In case of sedimentation, it is thus expected that the
transmission will increase at the heights where particles have
settled down, while it should decrease where sedimented particles
are present.

2.3. Microcosm exposure

Nine microcosms (glass tanks 60 x 30 x 30 cm, L x W x H) were
filled with 6780 g of reconstituted sediment: (96.6% of silica sand,
2.4% of kaolinite and 1% of CaCOs) and 40L of the commercial
natural spring water Volvic® (Ca’™: 12mgl~!, Na':
12mgL'Mg?*: 8mgL~!, K*: 6mgL™!, CI": 1mgL! and Si:
32mgL1) as used in previous microcosm studies [21,43—45]. In
order to maintain correct oxygenation, each tank was equipped
with a recirculation system. Light was provided by fluorescent
tubes (JBL solar ultra, Natur 9000°K LT 24 WT5 HQ) and photope
riod was set on 12:12 light/night. Temperature (21.5+0.9°C),
conductivity (234.3+9.1 pScm™ "), pH (7.9 + 0.4), redox potential
(306.6 +173mV) and dissolved oxygen (9.1+12mgL™!) were
monitored continuously (Ponsel Odeon open X probes kit). Nitro
gen products (NO3, NO3 and NHZ) were monitored twice a week
using a HI83203 photometer (Hanna instruments) and dissolved
organic carbon was measured at each sampling time by infrared
detection of CO; produced by catalytic oxidation at 680°C
(Table S1).

Three different exposure conditions were tested: control (nat
ural spring water), graphene oxide at the final concentration of
0.05mgL~! and graphene oxide at the final concentration of
0.1 mgL~L Each condition was tested in triplicate with random
assignation of the microcosms. Contamination of the microcosms

Table 1

Physico-chemical characteristics of GO used for the experiment. at. %: atomic
%; Csp2: sp? carbon; Sat.: shake-up satellites (7 to 7* transitions); TEM:
transmission electron microscope; HRTEM: high resolution TEM; BET: Bru-
nauer-Emett-Teller.

Graphene Oxide

Carbon content 69.0 at. %
Oxygen content 31.0at. %
Csp2 graphene 355at. %

C OH/C O C 24.7 at. %
co 25at. %
ocCo 53at. %

Sat. l4at. %
Number of layers (HRTEM) 15

Lateral size (TEM) 0.2 8um
Specific surface area (BET) 228+7m?g !




by graphene oxide nanoparticles was performed sequentially
through the addition of 1/12€ of the final concentration over 10
days to reach the final concentration indicated by the condition
name (0.05mgL~! and 01 mgL~!) (Fig. 1).

The progress of the experiment and the order in which the
different organisms were introduced are shown in Fig. 1. Senescent
alder leaves (Alnus glutinosa Gaertn.) (3.2 g dry mass/mesocosm)
were added the first week for measurement of decomposition rate
and microorganisms (microbial consortium 1 x 108 cells/ml and
Nitzschia palea 2.05 x 10% cells/ml) were allowed to settle and
develop during 3 weeks without any contamination. This duration
was necessary for the development of the primary producers
leading to the formation of a biofilm covering the whole sediment
[44] and equilibration of nitrogen products in the microcosms by
bacteria. The first samplings of the biofilm and water were per
formed to analyse microorganism communities prior to contami
nation and addition of primary and secondary consumers (TO).
Other organisms, bred in the laboratory facilities, were added
sequentially to the microcosms (Fig. 1). 800 Chironomus riparius
individuals aged of 72 h and 15 Pleurodeles waltii individuals at
stage 53 of development [46] were added during the fourth week to
allow an exposure duration of 13 and 10 days respectively. These
durations were chosen in order to ensure that the surviving
C. riparius would develop until the stage 4 (required condition for
teratogenicity analysis). Moreover, chironomids were added prior
to the newts to grow and start to accumulate GO in order to ensure
trophic transfer towards the secondary consumers. For Pleurodeles,
exposure duration of 10 days is necessary for genotoxic assessment
at low dose [47]. A second sampling of the microorganisms was
performed when half of the final GO dose was reached (T1) and at
the end of the exposure when the full dose was reached (T2).
Xenopus laevis (n  40) at stage 50 of development [48] were added
during the week 5 as a food complement for Pleurodeles larvae.
Chironomids, Pleurodeles and alder leaves were also sampled at T2,
constituting the end of the experiment.

2.4. Endpoint measurement

2.4.1. Primary compartment: sampling, DNA extraction, PCR and
sequencing

Water and sediment were sampled at 3 different times during
the experiment (TO, T1 and T2). At each sampling time, 100 mL of

water and 10 mL of sediment were taken. Water samples were
filtered on a 5um filter (Whatman® Nuclepore™ Track Etched
Membranes) in order to recover microorganisms from the water
column. Filters and sediment samples were snap frozen in liquid
nitrogen and stored at 80 °C before processing for analyses. Total
DNA was extracted from water samples and sediment subsamples
(644.6 + 37.2 mg) using the Mobio® power soil DNA isolation kit
following manufacturer’s instructions. Additionally, negative
extraction controls were performed to ensure the absence of DNA
contamination during the process. The quantity and quality of DNA
extracts was analysed using a NanoDrop 2000 UV spectropho
tometer (Thermo Scientific).

The V4—V5 region of archeae and bacteria 16S rRNA gene was
targeted using PCR1_515F (5 GTGYCAGCMGCCGCGGTA 3’) and
PCR1_928R (5’ CCCCGYCAATTCMTTTRAGT 3’) primers set [49].
PCRs were performed on a Gene AmpTM PCR system 9700 ther
mocycler (Applied Biosystems, Forster City, CA, United States) in a
final volume of 50 pL containing: 37.5 pL of PCR water, 5 pL of 10X
PCR buffer, 2 pL of extracted DNA, 2 uL of both primer (10 uM), 1 puL
of dNTP (2.5 mM) and 0.5 uL of Taq DNA polymerase (5 U/uL —
Sigma Aldrich). The following PCR protocol was applied: 94 °C for
120, 30 cycles of 94 °C for 60 s, 65 °C for 40's, 72°C 30s and 72 °C
for 10 min.

Sequencing of amplicons from 16S rRNA genes was performed
using Illumina MiSeq technology (2 x 250 pb) by the Get_PlaGe
platform (Genotoul, Toulouse, France). Bioinformatic analysis was
performed using FROGS (Find Rapidly Operational Taxonomic Units
(OTU) Galaxy Solution) pipeline on Galaxy [50]. Briefly, sequences
with mismatches in the primers were excluded and PCR primers
were trimmed. Reads were clustered into OTUs using the Swarm
clustering method [51]. Chimera were removed and filters were
applied to keep OTUs present in at least 3 samples and representing
at least 0.005% of all sequences [52]. 478 OTUs were assigned at
different taxonomic levels (from Kingdom to species) using RDP
classifier and NCBI Blast + on Silva 132 database (pintail 80) [53].

2.4.2. Chironomids

At the end of the experiment, mortality, growth and teratoge
nicity were assessed in chironomid larvae that were not predated
by Pleurodeles. A careful sorting of the sediment allowed to count
the surviving individuals which were then measured using the
image ] software (total length and width of the cephalic capsule).

Start of
experiment

|

HENEEEN

w1 I w2

Bacterial inoculum
+
Diatoms
+
Alder leaves

Sampling

x2 X2 X2 End of

experiment

{l ,l|lll |

w4 T W5 I Weé
P. waltl
(n=15) X. laevis
C. riparius (n=40)
(n=800)
T0 T1 T2

Fig. 1. Scheme of the time-progress of the microcosm experiment. Bacterial consortium and diatoms were allowed to settle and develop to colonize the sediment and alder leaves
during 3 weeks. Prior to the addition of other organisms and GO, a first sampling of the primary compartment was performed (T0). GO was then added sequentially in the mi-
crocosms over 2 weeks to reach 0.05mgL ' and 0.1 mgL ! as final concentration. Pleurodeles (P. waltl) and Chironomids (C. riparius) were added subsequently during the fourth
week while a second sampling of microbial consortium was performed at the end of that same week (T1). All organisms were sampled at the beginning of the 6th week to perform
analysis of the different endpoints (T2). (A colour version of this figure can be viewed online.)



The cephalic capsules were recovered and discolored in potassium
hydroxide (15%, 95 °C, 15 min), then mounted on microscope slides
with quick hardening medium (Sigma). Teratogenecity was
assessed by counting the number of deformities in mentum. Ac
cording to Salmelin et al. [38], only absolute deformities such as
missing and extra teeth and Kohn gaps were taken into account.

2.4.3. Ledf litter degradation

Alder leaves degradation was estimated by the total surface of
degradation after microcosm exposure. Leaves were scanned at the
beginning and at the end of experiment using a flatbed scanner
with 600 DPI resolution. Leaves pictures were processed with
image ] software: a 8 bit transformation and thresholding allowed
us to quantify the degraded surfaces.

2.4.4. Amphibians

No endpoint was measured in X. laevis tadpoles that were all
predated during the experiment by Pleurodeles larvae. For Pleuro
deles larvae, mortality, growth and genotoxicity were studied after
10 days of exposure (n 15 for each endpoint per microcosm).
Mortality was checked daily throughout the exposure. Growth was
studied by measurements of size (photo and image analysis with
Image ] software) at the beginning and end of the experiment.
Genotoxicity was assessed by enumeration of micronucleated
erythrocytes (MNE) in blood smears after fixation (methanol 99.9%)
and staining (groat hematoxylin). The number of cells containing
one or more micronuclei was counted among a total of 1000 cells.

2.5. Statistical analysis

Statistical analysis was performed using Minitab 16 Statistical
software. Data of growth (P. waltl and C. riparius), development and
survival chironomids (growth, development and survival) as well
as leaf litter degradation endpoints were analysed using one way
ANOVA when assumptions of normality and homogeneity of vari
ance were met. As it was not the case for genotoxicity data, non
parametric Kruskal Wallis followed by Dunn’s multiple compari
son test was performed. For metagenomics analysis, data manip
ulations, OTUs counts, alpha diversity indexes and Unifrac
Distances calculations as well as multidimensional scaling (MDS)
plot were carried out using “Phyloseq” R package [54]. Differential
abundance of bacterial genera between exposed conditions
compared to the control group was examined using “Deseq2” R
package [55]. PERMANOVA was performed using Adonis function
from the “vegan” R package [56]. The relationships between the
biological responses measured were explored by multivariate
Principal Component Analysis (PCA) and correlation analyses using
“ade4 R” package [57].

3. Results
3.1. Behaviour of GO in exposure media

The variation of the transmission data (compared to t0) vs time
for EDI and Volvic are presented in Fig. 2. While the dispersion is
stable over 24 h in EDI medium, a clear homogeneous sedimenta
tion is evidenced in the case of the Volvic water after 5 h (Fig. S1).

3.2. Effects on lower trophic level

Bacterial communities in water compartment were different
from those in sediment compartment regardless of time and GO
concentration, as revealed by MDS and PERMANOVA analysis using
unweighted UniFrac distances (Fig. S2) (F 32.554; r* 0.385;
p 0.001). Thus, the two compartments were studied separately to

analyse the effects occurring on compartment associated bacterial
communities. At TO, prior to contamination, community structures
in the water were similar between the condition related micro
cosms (PERMANOVA: F 1.193; r? 0.284; p 0.132), and the
same was observed in sediments (F  1.143; > 0.276;p 0.252).

3.2.1. Effects on microorganisms from the water column

When analysing the alpha diversity, no difference was measured
for the observed diversity, Chaol and Shannon indexes in the water
column, during the whole experiment (Fig. S3A). However, exposure
duration as well as GO concentration were shown to significantly
affect the microbial community structure (PERMANOVA: Contami
nant: F 1.657;r> 0.104;p 0.010; Exposure duration: F  3.428;
> 0216;p 0.001). MDS analysis indicated a higher contribution
of the exposure duration (first axis) toward bacterial community
composition compared to GO concentration (second axis) (Fig. S3B).
In the water column at TO, over 95% of overall community was
represented by phyla Proteobacteria and Bacteroidetes with a rela
tive abundance of 58.8+21.6% and 37.5+22.2% respectively
(Fig. 3A). The relative abundance of none of the phyla analysed was
shown to be impacted by GO contamination (Table S2). Focusing on
families from the two main phyla found in the water column
(Fig. S4), almost no effects were observed on relative abundances
(Table S2). Analysis of the genera differential abundance in the GO
conditions compared to the control group during the overall expo
sure led to a significant decrease of 3 genera from the phylum Pro
teobacteria (Legionella, Sphingobium and Reyranella) when exposed
to 0.05mgL~! of GO, while three other genera from this phylum
were decreased in the 0.1 mgL~! exposure condition (Pseudomino
bacter, Sphingorhabdus and Devosia) (Fig. S5A).

3.2.2. Effects on microorganisms in sediment

A significant increase in the biofilm observed richness and
Chao1 was noticed between TO and T1 without being influenced by
GO concentration and remained stable until T2 while values of the
Shannon index were not significantly influenced (Fig. 4A). Exposure
duration and GO concentration significantly affected microbial
community structure (PERMANOVA: Contaminant: F 2.862;
> 0.161; p 0.002, Exposure duration: F 4.875; r> 0.274;
p 0.001) with a greater contribution of the exposure duration
over the contaminant concentration (Fig. 4B). At TO, prior to
contamination by GO, three main phyla constituted the bacterial
compartment of the biofilm. Phyla Proteobacteria, Bacteroidetes
and Planctomycetes relative abundances were of 29.1 +15.1%,
10.6 +4.2% and 3.8 + 2% respectively. The chloroplastic 16S rRNA
gene from diatoms was affiliated to Ochrophyta phylum. This
phylum represented 48.7 + 20.4% of the overall biofilm organisms
(Fig. 3B). The relative abundance of the two main bacterial phyla
and diatoms was not affected by exposure to GO, while the phyla
Planctomycetes, Armatimonadetes and WPS 2 significantly
increased in the presence of GO at 0.1 mgL~! compared to the
control group (Table S3). The effects occurring at the family scale in
the three main bacterial phyla from the sediment were analysed
(see supplementary data and Fig. S6). Analysis of the OTUs differ
ential abundances in the biofilm indicated that among 517 OTUs,
exposure to GO at 0.05mgL~! led to significant changes in the
relative abundance of 15 taxa, among which 5 were found in a
higher abundance and 10 in a lower abundance (Fig. S5B). At
0.1 mgL~), 20 taxa were differentially abundant compared to the
control with an equal distribution between over and under repre
sented taxa. The relative abundance of genera Gemmata, Azospir
illum and Flavobacterium were shown to decrease in a similar
manner in the two GO conditions compared to the control group
while genera Planctopirus and Armatimonas increased in the same
order of manitude.
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Fig. 2. Variation of the transmission vs time for suspensions of GO at 10 mg L ! in deionised water (blue) or Volvic water (red). (A colour version of this figure can be viewed online.)

3.3. Effects on chironomids

At the end of the experiment, no significant difference was
noticed on the survival rate of C. riparius whatever the exposure
condition (ANOVA, p  0.976). A mean of 8.02 +4.7% of the overall
chironomids were remaining for all conditions. Larval growth and
determination of development stage measured from length of the
organisms and head width measurement respectively, were not
significantly affected by GO exposure (ANOVA, p  0.280 and 0.860
respectively). Considering the whole organisms, 60.6% of the larvae
reached the stage 4 at the end of the experiment and a mean size of
8.6 + 2.1 mm was measured. Analysis of teratogenicity in stage 4
larvae indicated no effect of GO exposure (ANOVA, p 0.913).

3.4. Effects on leaf litter degradation

At the end of the exposure, a significant increase in leaf degra
dation was noticed after exposure to 0.05 mgL~! of GO compared
to the control group while only a trend in increase of degradation
was observed at 0.1 mgL~! (ANOVA p  0.027 followed by Tuckey)
(Fig. 5).

3.5. Effects on pleurodeles larvae

No mortality in Pleurodeles larvae was observed during the
whole experiment and larval growth was not affected by GO
exposure (ANOVA, p 0.723). At the end of the experiment, a sig
nificant increase in micronucleated erythrocytes was observed in
larvae exposed to 0.1 mgL~! (Kruskal Wallis: p  0.0013 followed
by Dunn’s test) (Fig. 6).

3.6. Principal component analysis

In the principal component analysis of the responses measured
at the different trophic levels, PC1 and PC2 explained 38,6% and
24.3% of the total variance respectively (Fig. 7). The PCA showed a
better segregation between the controls microcosms and those

contaminated with GO along the PC2 axis based on biological re
sponses. The parameters related to chironomids development and
survival as well as microbial diversity were negatively associated
with PC1 while teratogenesis was positively associated with PC1.
The leaf litter degradation and genotoxicity in pleurodeles were
mainly associated with the conditions of GO exposure along PC2.

4. Discussion

To our knowledge, this study is the first one to investigate the
effect of GO under environmentally relevant conditions using a
reconstituted trophic chain through the use of microcosms.
Because of the limited available techniques to quantify GO in
complex matrix and changes of materials characteristics over time
at environmentally realistic concentrations [58], no relevant
quantification analysis could be performed in our study. Thus, the
hypothesis of material distribution in our system and toxicological
mechanisms involved are based only on Turbiscan data and bio
logical responses measured.

4.1. Behaviour of GO in exposure media

The fate, transport, and bioavailability of GO are mainly deter
mined by their behaviour in aquatic ecosystems including aggre
gation deposition that can be influenced by multiple factors [66].
On the one hand, interactions with organic matter of the experi
mental system would increase the colloidal stability of the GO
[11,67,68], while on the other hand, the presence of ions in the
water such as Ca®>* or Na* could adsorb on the negatively charged
functional groups of GO, leading to reduced surface charge and
reduced dispersion stability, leading to its deposition [69]. Ac
cording to the obtained results it seems that the interactions with
ions of the exposure media occurring under the experimental
conditions are responsible for the sedimentation of the GO. Such
sedimentation of the material would decrease its bioavailability for
organisms from the water column while it will increase for or
ganisms living at the sediment water interface.
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4.2. Effects on microorganisms

Studying the effects of GO on microorganisms is essential as
they constitute the first link of the food chain. Literature is fur
nished of data demonstrating the antibacterial capacities of GO
[24—26,59—61]. However, few studies focused on the effects
generated by CBNs on complex bacterial communities from aquatic
ecosystems and the data available were mainly obtained on bac
terial consortium from soils [62,63] or activated sludge [64,65]. In
the present study, complex changes were observed in the bacterial
compartment over the whole experiment. It is interesting to point
out that GO exposure induced only minor differences in bacterial
communities in the water column whereas the biofilm commu
nities were more impacted. The difference in magnitude of GO
impact between water and sediment communities associated to
Turbiscan analysis confirm that the GO is more bioavailable for
microbial communities from the sediment rather than for free
living microorganisms from the water column. The presence of a
complex biofilm containing diatoms N.palea and bacteria also
contribute to this change of bioavailability. Indeed, these microor
ganisms were shown to stabilize CBNs in the biofilm through
secretion of extracellular polymeric substances (EPS) [70—72].

Thus, the trapping of GO may decrease its bioavailability for bac
teria from the water column while it would increase the occurrence
of direct contact with bacteria in the biofilm (i.e. and other benthic
organisms). This direct contact was evidenced as the main mech
anism of cytoxicity toward bacteria through impairment of cell
membrane integrity [27,73,74].

Our data show that the biofilm compartment is more dynamic
compared to free living bacteria as indicated by the time effect on
diversity indexes from the control group. However, as there are no
other organisms in the microcosms at TO, introduction of chiron
omids and newts between TO and T1 would contribute mainly to
the biofilm’s dynamics through the increase in bacterial alpha di
versity via the production of faeces, for example. In spite of this
temporal dynamics inherent to microcosm experimental design as
well as to this form of bacterial life [75], beta diversity measure
ment in pelagic as well as in benthic communities evidenced
diverging phylogenetic trajectories in presence of GO compared to
the control group. In this case, the stronger the contamination
pressure is, the more communities are diverging. As the multiple
species in biofilms may possess different sensitivity to GO, the
decrease of affected taxa make available new ecological niches
benefiting to less sensitive and more opportunistic species leading
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to different equilibrium in microbial communities. Thus, the phyla
Planctomycetes, Armatimonadetes and WPS 2 appear tolerant to
GO as their relative abundances increased in the exposed condi
tions. A similar trend was previously evidenced for Planctomycetes
from soil bacterial communities exposed to GO [76] or silver
nanoparticles [77]. These changes would contribute to the di
vergences in the evolution of the biofilm composition between the
tested conditions. However, as a dynamic system, it is possible that
the direct toxicity of GO will be attenuated with biofilm maturation.
Indeed, it was previously observed in bacterial biofilm using E. coli
or S. aureus models that after 48 h of exposure, corresponding to the
mature phase of biofilm, cell growth inhibition and induction of
ROS production by rGO was suppressed, even at concentrations up
to 100 mg L~! [78]. This study also indicated that bacteria were able
to oxidize rGO into GO. Transformations of the tested material
potentially occurring under our experimental conditions are
remaining to be assessed when technological barriers will be
overcome.

4.3. Effects on chironomid larvae and consequences for leaf litter
degradation

No apparent toxicity on growth and teratogenicity could be
highlighted on chironomids. The low amount of larvae remaining at
the end of the exposure could be only related to predation by
Pleurodeles larvae that is more likely to occur within the last days
of the experiment when they reach larger sizes [43,79]. It is also

possible that the apparent no effects on chironomids may result
from a preferential predation by pleurodeles larvae of affected
chironomids. However, the low sensitivity of chironomids toward
CBNs was previously indicated for fullerene [80], multi walled
carbon nanotubes [81] as well as GO [67]. In the later study, no
effects were observed on chironomids after 9 days of exposure to
GO at concentrations up to 100 mg L', which is consistent with the
present results and corroborate the predation hypothesis without
any pressure of selection.

Chironomids are shredders, deposit feeders that preferentially
feed on biofilm rather than non living organic matter [82]. Despite
the known implication of bacteria in this ecological process, chi
ronomids constitute the main decomposers of organic matter in
such time duration experiment [22]. Despite the pressure of pre
dation on chironomids, the alder leaves decomposition process is
maintained. In this study, it appears that this process increases in
presence of GO while opposite results were observed in the case of
contamination by other nanoparticles [22,83]. It was previously
observed through the comparison of deformities in the mouthparts
of chironomids sampled in differentially contaminated sites that
teratogenicity was associated with lower leaves degradation ac
tivities [84]. In the present study, no teratogenicity was measured
and as PCA results indicated an independence of these variables, we
can suggest that the increase of leaves consumption is associated to
indirect effects. The presence of GO in the biofilm might influence
their feeding behaviour through two possible ways. 1) Changes in
bacterial communities and GO trapping might decrease the biofilm



palatability. Indeed, it was demonstrated that food quality prevails
on contaminant concentration for chironomids food source selec
tion [85]. Thus, the loss of biofilm palatability and quality would
lead to preferential feeding on alder leaves. 2) The presence of GO at
low concentration may increase fungus development as it was
demonstrated that GBMs could stimulate the growth of rot fungus
at “low concentration” without influencing the decomposition ac
tivity [86,87]. Thus, an increase in fungus biomass on leaves would
improve their palatability and influence chironomids feeding
behaviour [88,89]. According to the PCA results, it seems that there
is a correlation between the diversity of microorganism species
from the biofilm and the development of chironomids that is
consistent with the first hypothesis. It is interesting to note that in
any case, this change of behaviour had no measurable consequence
on chironomids development. Modifications of the feeding
behaviour could also theoretically contribute to changes observed
in bacterial community compositions. Indeed, diet changes could
lead to modification of chironomids gut microbiota and modify
microbial composition of the faeces rejected into the mesocosms.
These changes in organic matter decomposition could potentially
lead to changes in carbon and nutrient cycling, influencing energy
flows of the system [90] but it remains to be determined whether or
not it is occurring under these conditions. Thus, litter decomposition
appears as an interesting marker integrating direct and indirect
toxicological effects occurring at the lower trophic levels.

4.4. Effects on pleurodeles larvae

The results obtained in this experiment indicated that GO is
able to induce genotoxic effects in vivo at low concentration under
realistic environmental conditions. Genotoxic potential of GO was
also observed in other organisms such as mice after repeated or
single injection of GO at concentrations ranging from 0.01 to
20mg kg~! [91,92]. This was also observed in the amphibians
Xenopus laevis [42], which is consistent with the present results. In
the latter study case, tadpoles were exposed during 12 days to the
same commercial GO as the one used in the current microcosm
study. The genotoxic response measured in X. laevis after exposure
to 01mgL~! was associated to oxidative stress and pro
inflammatory response leading to an increase in circulating
micronucleated erythrocytes [42]. Despite important biological
differences between these two amphibian model species, it can be
suggested that the genotoxic effects observed in Pleurodeles
resulted from similar pathways. Under our experimental condi
tions, Pleurodeles larvae were exposed to GO through two path
ways simultaneously: direct exposure due to the presence of GO in
the media as well as dietary exposure by feeding on contaminated
chironomids. However, PCA analysis indicated that the marker of
genotoxicity was independent from those associated to other
trophic levels, which reinforces the hypothesis of effects associ
ated to direct exposure over trophic effects. In the case of a direct
exposure, as the contamination was performed sequentially and
according to previous study indicating that at least 4 days of
exposure to a genotoxic compound are necessary to induce the
formation of micronuclei [47], we can suggest that a concentration
of 0.8 mgL~! of GO is able to induce genotoxic effects (concen
tration reached 4 days before the sampling). It seems that the
predation behaviour of the Pleurodeles was not influenced by GO
exposure. This is supported by the high decrease in chironomid
larvae as well as the absence of differences within the chirono
mids survival between the tested conditions at the end of the
microcosm exposure. However, to date, it is not possible to

evaluate separately the contribution of each pathway in the gen
otoxic response observed.

5. Conclusion

This microcosm study allowed to identify the effects of a
contamination by GO towards multiple interacting organisms and
consequences on ecosystem functioning. Analysis indicated that GO
could induce toxicological effects in top predators as well as in
microorganisms at environmentally relevant concentration [93].
Genotoxicity was evidenced in top predators while bacterial com
munities were modified after GO exposure. Communities from the
sediment were shown to be more impacted than those from the
water column due to sedimentation of the GO under more realistic
environmental conditions. Even if no toxicity was observed for
chironomids, indirect effects were highlighted and led to changes
in the decomposition of organic matter in the system.

This experiment allowed to better encompass ecotoxicity of GO
under realistic conditions and supports the need to develop the use
of more complex systems including trophic chains in ecotoxicity
assessment. Indeed, the use of these experimental systems may
evidence routes of exposure that are poorly or not estimated in
classical standardized tests based on single species assessments.
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Figure S1: variation of the transmission vs time and height of the sample (compared to t0) of
the suspensions of GO at 10 mg.L"! in deionised water (EDI) (a) or Volvic water (b). Note the
magnitude difference of the AT (%) scales.
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Figure S3: Effects of exposure to GO on bacterial communities from the water column of the
microcosms as revealed by 16S amplicon sequencing. Observed richness, Chaol and Shannon
evenness indexes are compared between the three exposure conditions (0 mg.L!, 0.05 mg.L!
and 0.1 mg.L'"). Observed richness, predicted richness and Shannon evenness index are
compared between the three exposure conditions (0 mg/L, 0.05 mg/L and 0.1 mg/L) (A). MDS
plot of bacterial communities based on unweighted Unifrac distances (B). Samples from
different GO concentrations are represented by different colours with 95% confidence ellipses,
while different sampling times are represented by forms surrounded by 95% confidence ellipses

in grey.
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Figure S5: Bacterial genera differentially observed between the exposure conditions compared
to the control during the whole experiment in the water compartment (A) and in the biofilm

(B).
The relative abundance of genera Gemmata, Azospirillum and Flavobacterium were shown to
decrease in a similar manner in the two GO conditions compared to the control group while

genera Planctopirus and Armatimonas increased in the same order of manitude.
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For families from the phylum Bacteroidetes, the relative abundance AKYH767 and NS9
significantly increased under the exposure condition of 0.1 mg/L of GO (Table S2). Relative
abundance of family Pseudomonadaceae from phylum Proteobacteria significantly decreased
at both concentrations of GO (Table S2) while for the phylum Planctomycetes, bacteria from

family Phycisphaeraceae, Rubinisphaeraceae and Schlesneriaceae increased in presence of

GO (Table S2).



Table S1: Dissolved Organic Carbon (DOC) measured in water of microcosms at three

sampling times during the experiment.

Condition
Sampling 0 mggo.L! 0.05 mgco.L! 0.1 mggo.L!
TO 62+3.6mgpoc.L!  5.1+44mepocl! 652 mgpoc.L!
T1 1.7 £ 0.2 mgpoc.L!' 1.9 +0.05 mgpoc.L! 1.6 + 0.6 mgpoc.L!

T2 2.2 +0.06 mgpoc.L'! 2.4 +03 mgpocL!  1.9+0.2 mgpoc.L!



Table S2: Table of results obtained from 2-ways ANOVA performed on data from the water

column.
Contaminant Time of exposure Contaminant*Time of
exposure
Df F- p-value Df F-value p-value Df | F-value | p-value
value

Phylum
Acidobacteria 2 0.800 0.464 2 1.584 0.232 4 0.8368 0.501
Actinobacteria 2 0.357 0.704 2 14.356 | <0.001%*** 4 0.647 0.635
Armatimonadetes 2 2.423 0.117 2 0.120 0.887 4 0.704 0.599
Bacteroidetes 2 0.365 0.699 2 2.988 0.075 4 1.745 0.184
Chloroflexi 2 1.245 0.311 2 2.530 0.107 4 0.877 0.496
Ochrophyta 2 0.694 0.512 2 1.730 0.205 4 0.549 0.701
Cyanobacteria 2 0.859 0.440 2 0.544 0.589 4 1.040 0413
Dependentiae 2 1.368 0.279 2 0.898 0.424 4 0.905 0.481
Firmicutes 2 1.731 0.205 2 4.539 0.025% 4 1.040 0.414
Fusobacteria 2 0.383 0.687 2 12.645 <0.0071%*** 4 1.061 0.404
Planctomycetes 2 0.870 0.435 2 0.190 0.828 4 0.368 0.828
Proteobacteria 2 0.193 0.826 2 2.819 0.086 4 2.337 0.094
Spirochaetes 2 1.680 0.214 2 1.535 0.242 4 1.162 0.360
Verrucomicrobia 2 1.712 0.208 2 2.105 0.150 4 0.499 0.737
WPS-2 2 1.5 0.249 2 1.5 0.249 4 1.5 0.244
Family within
Bacteroidetes
Bacteroidaceae 2 0.511 0.608 2 10.927 <0.0071%*** 4 0.184 0.943
Chitinophagaceae 2 0.583 0.568 2 3.897 0.039* 4 1.373 0.282
Crocinitomicaceae 2 2.322 0.126 2 3.082 0.070 4 1.780 0.176
env.OPS17 2 0.555 0.583 2 1.998 0.164 4 0.567 0.639
Flavobacteriaceae 2 1.526 0.244 2 1.123 0.346 4 0.475 0.753
NS11 2 0.786 0.470 2 1.473 0.255 4 0.796 0.543
NS9 2 0.926 0.400 2 1.096 0.355 4 0.798 0.541
Saprospiraceae 2 0.814 0.458 2 1.326 0.290 4 0.416 0.795
Sphingobacteriaceae 2 0.097 0.908 2 2.959 0.077 4 0.585 0.677
Spirosomaceae 2 0.089 0.915 2 2.467 0.113 4 0.132 0.968
Family within
Proteobacteria
Azospirillaceae 2 1.677 0.215 2 0.667 0.525 4 0.630 0.647
Burkholderiaceae 2 2.265 0.132 2 3.003 0.074 4 0.378 0.821
Devosiaceae 2 2.308 0.128 2 2.258 0.133 4 1.141 0.368
Legionellaceae 2 2.612 0.100 2 0.127 0.881 4 2.027 0.133
Paracaedibacteraceae 2 0.127 0.881 2 2.449 0.114 4 1.425 0.266
Reyranellaceae 2 3.956 | 0.037* 2 1.703 0.210 4 0.820 0.528
Rhizobiaceae 2 1.517 0.246 2 3.577 0.049%* 4 1.364 0.285
Rhizobiales 2 1.214 0.320 2 3.266 0.061 4 0.610 0.660
Rhodobacteraceae 2 0.252 0.779 2 0.589 0.565 4 1.073 0.398
Rickettsiaceae 2 1.564 0.236 2 0.793 0.467 4 0.671 0.620
Sphingomonadaceae 2 2.286 0.102 2 11.325 | <0.007%** 4 1.324 0.298
Xanthobacteraceae 2 0.761 0.481 2 8.263 0.0028%*%* 4 0.249 0.910




Table S3: Table of results obtained from 2-ways ANOVA performed on metagenomics data
from the biofilm

. . Contaminant*Time of
Contaminant Time of exposure
exposure
Df F- p-value Df F-value p-value Df | F-value | p-value
value

Phylum
Acidobacteria 2 5.119 | 0.0173* 2 1.641 0.221 4 3.119 0.041*
Actinobacteria 2 0.388 0.683 2 1.351 0.284 4 0.085 0.985
Armatimonadetes 2 8.994 | 0.002%* 2 0.392 0.681 4 0.159 0.955
Bacteroidetes 2 0.101 0.904 2 0.893 0.426 4 0.258 0.900
Chloroflexi 2 2.100 0.151 2 5.644 0.012%* 4 0.544 0.705
Ochrophyta 2 0.398 0.677 2 0.312 0.735 4 0.213 0.928
Cyanobacteria 2 1.564 0.236 2 4,724 0.024* 4 0.584 0.678
Dependentiae 2 2.469 0.112 2 0.990 0.390 4 0.733 0.581
Firmicutes 2 0.663 0.527 2 0.399 0.676 4 0.368 0.828
Fusobacteria 2 4.214 0.031%* 2 24.164 <0.001 **3* 4 3.709 0.022*
Gemmatimonadetes 2 2.624 0.099 2 3.541 0.0505 4 0.832 0.521
Planctomycetes 2 7.991 0.003** 2 2.682 0.095 4 0.743 0.574
Proteobacteria 2 0.167 0.847 2 0.340 0.716 4 0.374 0.824
Spirochaetes 2 0.043 0.957 2 0.565 0.578 4 0.630 0.647
Verrucomicrobia 2 1.057 0.368 2 1.858 0.184 4 0.806 0.537
WPS-2 2 4.048 0.035* 2 6.939 0.006%** 4 2.741 0.060
Family in
Bacteroidetes
AKYH767 2 6.231 0.008** 2 0.6251 0.546 4 0.6263 0.649
Chitinophagaceae 2 0.633 0.542 2 1.3487 0.284 4 0.152 0.959
Crocinitomicaceae 2 3.144 0.067 2 5.140 0.017* 4 0.830 0.523
env.OPS17 2 2.073 0.154 2 0.139 0.871 4 0.0511 0.994
Flavobacteriaceae 2 2.003 0.163 2 0.310 0.736 4 1.0736 | 0.3985
Microscillaceae 2 1.522 0.244 2 3.381 0.056 4 0.599 0.667
NS11 2 2.992 0.075 2 0.409 0.670 4 0.950 0.457
NS9 2 3.556 0.049* 2 0.528 0.598 4 0.509 0.729
Saprospiraceae 2 0.626 0.545 2 2.392 0.119 4 1.846 0.163
Spirosomaceae 2 0.299 0.744 2 0.777 0.474 4 1.379 0.280
Family within
Proteobacteria
Burkholderiaceae 2 1.105 0.352 2 0.094 0.909 4 0.545 0.704
Caulobacteraceae 2 2.296 0.129 2 3.481 0.052 4 0.438 0.779
Chromobacteriaceae 2 1.403 0.271 2 2.626 0.099 4 0.218 0.924
Pseudomonadaceae 2 4.549 0.025%* 2 2.115 0.149 4 0.647 0.635
Reyranellaceae 2 1.051 0.370 2 4.368 0.028%* 4 0.502 0.734
Rhizobiaceae 2 0.564 0.578 2 0.122 0.885 4 0.235 0914
Rhodobacteraceae 2 2.269 0.132 2 0.399 0.676 4 1.239 0.329
Rhodocyclaceae 2 0.220 0.804 2 11.724 <0.00 1 *** 4 0.233 0.915
Rickettsiaceae 2 0.494 0.618 2 5.042 0.018* 4 0.093 0.983
Sphingomonadaceae 2 0.900 0.424 2 0.159 0.853 4 0.236 0914
Xanthobacteraceae 2 0.279 0.759 2 4.775 0.021* 4 0.924 0.471
Family within
Planctomycetes
Gemmataceae 2 1.033 0.376 2 2.012 0.162 4 0.177 0.947
Phycisphaeraceae 2 5.675 0.012* 2 0.936 0.410 4 1.760 0.180




Pirellulaceae 2 3.134 0.067 2 4.172 0.032% 4 1.073 0.398
Rubinisphaeraceae 2 4.871 0.020* 2 0.191 0.827 4 0.054 0.994
Schlesneriaceae 2 8.785 | 0.0021** 2 0.323 0.728 4 0.255 0.902
Tepidisphaeraceae 2 2.517 0.108 2 0.517 0.605 4 0.378 0.820






