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• Co accumulation in growing biofilms 
was correlated with Co ambient 
concentrations.

• The Co exposure affected prokaryotic 
community structure from the earliest 
stages of colonization.

• Co induced a change in the potential 
carbon fixation in exposed biofilms.

• No structural resilience was observed in 
biofilms after cessation of Co exposure.
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A B S T R A C T

Although cobalt (Co) plays a significant role in the transition to low-carbon technologies, its environmental 
impact remains largely unknown. This study examines Co impacts on the prokaryotic communities within river 
biofilms to evaluate their potential use as bioindicators of Co contamination. To this end, biofilms were culti-
vated in artificial streams enriched with different environmental Co concentrations (0.1, 0.5, and 1 μM Co) over 
28 days and examined for prokaryotic abundance and diversity via quantitative PCR and DNA-metabarcoding 
every 7 days. The prokaryotic community’s resilience was further investigated after an additional 35 days 
without Co contamination. The prokaryotic communities were affected by 0.5 and 1 μM Co from the onset of 
biofilm colonization. The biofilm biomass was comparable between treatments, but the community composition 
differed. Control biofilms were dominated by Cyanobacteria and Planctomycetes, whereas Bacteroidetes dominated 
the Co-contaminated biofilms. Potential functional redundancy was observed through the implementation of 
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carbon fixation alternatives by non-photosynthetic prokaryotes in biofilms exposed to high Co concentrations. No 
structural resilience was observed in the biofilms after 35 days without Co contamination. Measuring the pro-
karyotic community structural response using molecular approaches appears to be a promising method for 
assessing shifts in water quality owing to Co contamination.

1. Introduction

In the context of energy transition, cobalt (Co) has emerged as a 
metal of interest in the production of batteries. The surge in demand for 
lithium-ion batteries, particularly for vehicles and electronic devices, 
led to a remarkable increase in its extraction (+95%) and use (quadru-
pled) between 2008 and 2018 (Graedel and Miatto, 2022; U.S Geolog-
ical Survey, 2008, 2018). Consequently, Co has been frequently detected 
in aquatic systems at potentially concerning concentrations, particularly 
near industrial sites (Banza Lubaba Nkulu et al., 2018; Barrio-Parra 
et al., 2018). Background dissolved Co concentrations in European 
freshwater environments typically range between 0.17 × 10− 3 and 0.27 
μM Co (average 5.65 × 10− 3 ± 0.02 μM Co, n = 807) (Batista et al., 
2005), though concentrations as high as 53 and 48 μM Co have been 
measured in mining effluents in the Democratic Republic of Congo and 
near Spanish industrial plant discharges, respectively (Atibu et al., 2013; 
Banza Lubaba Nkulu et al., 2018; Barrio-Parra et al., 2018; Batista et al., 
2005).

Cobalt is an essential micronutrient for organisms at trace levels 
(nM) and is a significant co-factor in numerous enzymatic processes as 
the main constituent of vitamin B12 (Allen, 2012; Facey et al., 2022; 
Martens et al., 2002). However, studies conducted on model microor-
ganisms have demonstrated its toxicity at higher concentrations. For 
instance, the model bacterium Geobacter sulfurreducens strain PCA 
exhibited longer generation times when grown at Co concentrations 
equal to or exceeding 250 μM (Dulay et al., 2020). Minimum inhibition 
concentrations of Co have been reported to range between 400 and 800 
μM for several strains of Pseudomonas sp. and at 200 μM for E. coli 
(Hassen et al., 1998; Gikas, 2008). Similar inhibition concentrations 
were identified for Pseudomonas aeruginosa strain PU21 (EC20 = 460 μM 
Co) (Chen et al., 2006), while the growth of the unicellular cyanobac-
terium Anacystis nidulans was entirely inhibited above 509 μM Co (Lee 
et al., 1992). More recently, a study evaluating the effects of lithium, 
nickel, manganese and cobalt oxide showed that Co2+ ions at 3.4 μM 
with 7.7 μM of Ni2+ ions noticeably affected the respiration of the model 
strain Shewanella oneidensis MR-1 (Hang et al., 2016). Negative impacts 
have also been reported in microalgae (Li et al., 2007). A decrease in 
pigment content and growth rates has also been observed in microalgae 
in the presence of Co at concentrations equal to or >17 μM (El-Sheekh 
et al., 2003; Fawzy et al., 2020).

Aquatic biofilms are aggregate forms of microbial life that develop 
on submerged substrates. These assemblages include a wide variety of 
microorganisms – such as bacteria, archaea, microalgae, fungi, and 
meiofauna – embedded in an extracellular polymeric substance (EPS) 
matrix (Besemer, 2016; Flemming and Wingender, 2010). Nowadays, 
biofilms are widely used in biomonitoring due to their interesting fea-
tures that allow them to serve as early warning systems for disturbances 
in aquatic ecosystems (Sabater et al., 2007). They are ubiquitous, easy to 
collect, and have a sedentary lifestyle. Aquatic biofilms also have a rapid 
life cycle, enabling them to act as integrative bioindicators for water 
quality changes. Their ability to bioaccumulate contaminants also pro-
vides information about the bioavailability and toxicity of contaminants 
(McGeer et al., 2004). Lastly, their position at the base of the trophic 
chain is vital to study potential repercussions on interactions between 
biofilm components and higher trophic levels (Guasch et al., 2016). 
Numerous ecotoxicological studies have examined the effects of metals, 
pesticides, and emerging compounds on biofilms (Guasch et al., 2016). 
The long-term consequences of metal pollution on biofilms in water 
quality restoration contexts have also been investigated (Arini et al., 

2012; Lawrence et al., 2004).
To date, only a few studies have examined the impact of Co on 

biofilms. Cobalt bioaccumulation has been linked to a disruption in the 
synthesis of chlorophyll a and the growth of biofilms when present at 85 
and 17 μM, respectively (Dutta et al., 2022). In Co-contaminated waters, 
prokaryotic and microeukaryotic communities, along with the meta- 
metabolome from mature biofilms translocated in Co contaminated 
waters, were quickly affected (within hours) (Colas et al., 2024). 
Following translocation, there was a decrease in the relative abundance 
of the major phylum Planctomycetota, while Alphaproteobacteria rapidly 
increased. An increase in the phylum Cyanobacteria was also observed in 
biofilms exposed to 1 μM Co after 28 days of exposure. These studies, 
however, focused on mature biofilms and did not investigate Co impact 
on biofilm first stages of biofilm colonization and establishment in the 
presence of Co. Previous research has reported the high vulnerability of 
biofilms during the early stages of colonization when exposed to metals 
such as Cd (Ivorra et al., 2000) or TiO2 nanoparticles (Li et al., 2020).

Although a few studies have demonstrated Co toxicity to microor-
ganisms exposed to environmentally relevant concentrations, the po-
tential impacts on rivers remain unclear, and environmental quality 
standards (EQS) are rarely available. The Canadian legislation is the 
only one to have implemented a site-specific Federal Water Quality 
Guideline to protect aquatic life, set at 0.01 μM Co for waters with a 
hardness of 100 mg/L (Environment Canada, 2017). By contrast, no EQS 
is available in Europe or the United States. However, Co has recently 
been classified as a relevant substance to monitor in continental waters 
within France (Institut National de L’environnement Industriel et Des 
Risques, 2022). The European Chemicals Agency has calculated the 
predicted no-effect concentration (PNEC) of Co at 0.02 μM (1.06 μg L− 1) 
in freshwaters (European Chemicals Agency, 2023).

Biofilms are commonly used in ecotoxicology, with much of the 
research centered on microalgal communities. Indices that are based on 
diatom abundance and diversity are now included in numerous water 
quality monitoring programs around the globe, such as the Water 
Framework Directive in Europe (Coste et al., 2009), and similar initia-
tives in Canada and the USA. Despite the potential to implement a multi- 
level approach when evaluating biofilms, the prokaryotic component 
has received less attention for its potential as a bioindicator of water 
quality degradation. In 2007, the International Union of Pure and 
Applied Chemistry (IUPAC) defined a biological indicator as: ‘a species or 
group of species that is representative and typical for a specific status of an 
ecosystem, which appears frequently enough to serve for monitoring, and 
whose population shows a sensitive response to changes (e.g., the appearance 
of a toxicant in an ecosystem)’ (Duffus et al., 2007). Prokaryotes are 
known for their quick response to environmental changes, including 
alterations in metal concentrations (Pal et al., 2022). They also offer a 
variety of ecosystem services, including those at the biofilm level. For 
instance, auto- and heterotrophic organisms are closely connected, and 
their metabolic cooperation is crucial for the cycling of major elements 
(Battin et al., 2016). This interdependence among communities char-
acterizes biofilms as a functional consortium, where stresses can affect 
the overall microecosystem structure and function. The enhancement of 
molecular techniques over the last few decades, along with the continual 
refinement of 16S rDNA gene reference databases, has led to a more 
comprehensive understanding of prokaryotic responses to stress, 
encompassing both the community structure and functional profile. As a 
result, prokaryotes can offer different levels of bioindication within 
biofilms.

The current study aimed to investigate the ecotoxicological effects of 
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Co on prokaryotic communities within river biofilms and to evaluate 
whether the response of these communities in terms of their structure 
and composition can be used as a suitable endpoint for bioindication of 
Co contamination. Biofilms were grown in artificial streams polluted 
with Co and examined to determine changes in the abundance, struc-
ture, and functional potential of the prokaryotic community after 7, 14, 
21, and 28 days of colonization. This included a physico-chemical 
analysis of the water composition. Additionally, the resilience of the 
prokaryotic community in exposed biofilms was examined following the 
restoration of natural water quality for 35 days.

2. Material and methods

2.1. Exposure experiments and sample collection

Exposure experiments were conducted in outdoor artificial streams 
at the Pilot Rivers facilities (TotalEnergies, Lacq, France). The artificial 
streams were filled continuously from the Gave de Pau River, without 
any pre-treatment, at a flow rate of 7.5 m3 h− 1 (Fig. A.1). Cobalt (Co(II) 
chloride hexahydrate, 98%, Thermo Scientific Chemicals) was added to 
nine streams to achieve nominal concentrations of 0.1, 0.5, and 1 μM, in 
triplicate (3 treatments × 3 streams). These Co concentrations were 5 to 
55 times higher than the PNEC (0.02 μM) (European Chemicals Agency 
(ECHA), 2023), thus representing environmentally relevant concentra-
tions. Three additional streams served as control environments, which 
were filled only with Gave de Pau water, without any Co addition.

At the beginning of the exposure experiments (Day 0), 13 sterile glass 
slides (10 × 20 cm) were placed in each stream as a substrate for biofilm 
colonization. Water and biofilm were collected every 7 days during 
biofilm colonization (D7, D14, D21, and D28), and 35 days following the 
cessation of Co injection (D63). For every sampling event during Co 
exposure, biofilm samples were collected into 2 mL sterile Eppendorf 
tubes by scraping three slides from each channel using sterile micro-
scope slides. However, only one slide was utilized at D63. Detailed il-
lustrations of the glass slides collected for biofilm sampling are 
presented in Fig. S2. Samples were weighed and stored at − 80◦C for 
molecular analyses and at − 17◦C for chlorophyll content and bio-
accumulation analyses. Biofilms dry weight and chlorophyll content 
were measured for each sample (more detailed protocols are provided in 
Text S2).

On the day of sample collection, the physico-chemical parameters of 
the water – namely, pH, temperature, dissolved oxygen, and conduc-
tivity – were measured in each stream. Water was also collected and 
stored at 4◦C for measuring alkalinity, dissolved cations (including Co), 
anions, and organic carbon concentrations (Text S1). Cobalt speciation 
was calculated using the Windermere Humic Aqueous Model (WHAM, 
version 7.05.5) (Bryan et al., 2002; Tipping, 2007).

2.2. Cobalt bioaccumulation

Total and intracellular bioaccumulated Co were measured in freeze- 
dried biofilms that had been mineralized with a mix of 70 % nitric acid 
(Metal grade, Sigma-Aldrich, Germany) and 30 % hydrogen peroxide 
(H2O2; Ultra trace, Sigma-Aldrich, Germany, 2:1 v/v ratio) in an 
UltraWAVE oven (Milestone, Italy). For intracellular analysis, fresh 
biofilms were initially rinsed with 10 mM of ethylenediaminetetraacetic 
acid (EDTA ≥99%, Sigma-Aldrich, Germany) for 10 min, and then 
rinsed with filtered (0.45 μM) water from the control stream of Pilot 
Rivers (Colas et al., 2024; Meylan et al., 2004). Cobalt concentrations in 
the mineralized biofilms were measured using an ICP-MS (Agilent ICP- 
MS 7500, CA, USA). A certified standard reference material (BCR-414) 
(Plankton, JRC, Brussels) was used to confirm the digestion of biofilm 
(recovery of 86.3 ± 8.6%, n = 6).

2.3. Diversity and functional potential of the prokaryotic community 
under Co contamination

DNA extractions were carried out using the PowerSoil DNA Isolation 
Kit (Qiagen, Germany), following the manufacturer’s instructions. The 
extracted DNA was quantified using a Qubit 1X dsDNA BR assay kit 
(ThermoFisher Scientific, USA). The V4-V5 hypervariable regions of the 
16S rDNA gene were sequenced post-amplification with the universal 
primers V4-515F and V5-928R (Wang and Qian, 2009). Detailed PCR 
protocols can be found in Text S3. Amplicons were subsequently 
sequenced by La Plateforme Génome Transcriptome de Bordeaux 
(PGTB, Bordeaux, France) using the Illumina Miseq 2 × 300 pb method 
and reagent kit V3. The raw sequences can be accessed in the National 
Center for Biotechnology Information’s Sequence Read Archive under 
the accession number PRJNA1098091.

Raw sequences were processed using the FROGS (version 4.1.0) 
pipeline (Find Rapidly OTUs with Galaxy Solution) (Escudié et al., 
2018). The raw sequences were merged, denoised, and dereplicated 
using the VSEARCH tool (Rognes et al., 2016). Sequences shorter than 
200 bp were removed for further analysis. Clustering into operational 
taxonomic units (OTUs) was conducted with Swarm (Mahé et al., 2014), 
setting the aggregation distance clustering to 1. Chimeras and OTUs that 
represented <0.005% of all sequences were also removed (Bokulich 
et al., 2013). Data was normalized to 10,675 reads per sample and the 
final total number of OTUs was 1,437. Taxonomic assignments of OTUs 
were performed using 16S SILVA 138.1 and OTUs associated with 
chloroplasts were removed for further analysis.

The predicted functional profiles of communities, based on 16S se-
quences, were inferred by using PICRUSt2 (Douglas et al., 2020). Se-
quences with the nearest-sequenced taxon index (NSTI) exceeding the 
default cutoff of 2 were excluded. The resulting metabolic profiles were 
then annotated using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways with the ggpicrust2 package (Yang et al., 2023) in 
RStudio.

2.4. Quantification of the 16S rDNA gene

The copy number of the 16S rDNA gene was quantified using the 
DyNAmo Flash SYBR Green qPCR Kit (ThermoFisher Scientific, USA) 
with the same primer pairs used for microbial diversity analysis (refer-
enced above) but without MiSeq adaptors. More detailed qPCR protocols 
can be found in Text S4. Absolute quantification was carried out with 
homemade standards consisting of pGEM cloned amplicons of the 
Escherichia coli 16S rDNA gene. The analyses were processed in tripli-
cates for each biological replicate. The PCR efficiency was assessed at 
96%.

2.5. Statistical analyses

Alpha diversity metrics, namely, species richness, diversity (Shannon 
index), and evenness (Pielou index), were calculated using the Vegan 
package in RStudio (Oksanen et al., 2022). Additionally, the Chao1 
index was computed in FROGS (version 4.1.0) to account for rare OTUs 
(Escudié et al., 2018). All comparisons were executed in RStudio using 
ANOVA and Tukey post-hoc tests, where applicable. If the conditions for 
application were not met, a non-parametric approach was adopted, 
entailing the use of Kruskal-Wallis and subsequent Dunn post-hoc tests. 
Beta-diversity was assessed with non-metric multi-dimensional scaling 
(NMDS) based on Bray-Curtis dissimilarity distances between OTU. 
Significant differences between communities were evaluated by a 
permutational multivariate analysis of variance (PERMANOVA) using 
the Vegan package, followed by pairwise comparisons employing the 
pairwiseadonis2 package (Martinez Arbizu, 2020). Comparisons be-
tween proportions of taxonomic groups (representing more than >1% of 
the community) and functional pathways derived from PICRUSt2 anal-
ysis were carried out using the statistical analysis of metagenomic 
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profiles (STAMP) (Parks et al., 2014), utilizing White’s non-parametric 
test and an effect size filter for proportion differences exceeding 1%.

3. Results

3.1. Physico-chemical parameters of waters

The physico-chemical parameters of the water remained stable 
throughout the experiment, except for the water temperature, which 
decreased from 14.30 ± 0.12◦C (Day 7) to 8.17 ± 0.03◦C (Day 63) 
(Table S1). In the control streams (n = 3), the average dissolved Co 
concentration was 4.62 ± 4.02 nM. The average Co concentrations over 
the 28 days of exposure aligned with the nominal concentrations (0.092 
± 0.004, 0.525 ± 0.084, and 1.089 ± 0.07 μM, respectively) (Table S1). 
Cobalt was predicted to be primarily complexed by carbonates (CoCO3) 
and in its free form (Co2+), accounting for 53 ± 3% and 29 ± 2% of the 

total dissolved Co, respectively; the proportion of Co bound to fulvic 
acids was only 0.83 ± 0.51% (Table S1). After the Co injection was 
stopped, the dissolved Co concentration returned to its natural level in 
all streams.

3.2. Co accumulation

Both total and internalized bioaccumulated Co displayed a positive 
correlation with free Co2+ concentrations, exhibiting significant linear 
relationships (Fig. 1 and Table S2). Throughout the experiment, total 
bioaccumulated Co in both control and exposed biofilms remained sta-
ble, regardless of the Co exposure concentration (Fig. S3-A; Table S2). 
However, the amount of internalized Co increased over time in Co- 
exposed biofilms (p < 0.05) (Fig. S3-B). These increases reached 3.47 
± 1.63 μmol Co.g− 1 DW for biofilms exposed to 0.1 μM of Co, 4.23 ±
0.25 μmol Co.g− 1 DW for biofilms exposed to 0.5 μM and 7.68 ± 1.10 

Fig. 1. Bioaccumulation of cobalt in biofilms over the colonization period. Lines represent regressions of total bioaccumulated Co (black) and internalized Co (blue) 
as a function of free ion Co2+ concentration in the exposure medium at each sampling time. The shaded areas represent the confidence intervals (95 %) around the 
associated line.

S. Gourgues et al.                                                                                                                                                                                                                               Science of the Total Environment 951 (2024) 175713 

4 



μmol Co.g− 1 DW for biofilms exposed to 1 μM at D28. At D63, the bio-
accumulated Co decreased in the exposed biofilms (p < 0.05), but the Co 
levels remained between 4.35 and 8.68 times higher than those found in 
control biofilms (p < 0.05) (Fig. S3-A;C).

3.3. Biofilm structure as a function of Co exposure

The biofilms (dry biomass) grew over the colonization period with 
significant increases observed between D7 and D21, followed by stabi-
lization after the latter day. This remained consistent irrespective of the 
Co exposure conditions (Fig. 2A, Table S3). In both the control and 
exposed biofilms, the levels of chlorophyll a, b, and c1 + c2 displayed an 
upward trend (Fig. 2B and Table S3). Biofilms exposed to 1 μM of Co at 
D21 and D28 had a higher chlorophyll b content than either the control 
or biofilms that were exposed to 0.1 μM (p < 0.05). Conversely, as Co 
exposure concentrations rose, the content of chlorophyll a and c1 + c2 
decreased, with significantly reduced levels in biofilms exposed to 0.5 
μM Co compared with the control (Figs. 2B, S3).

3.4. Prokaryotic abundance and diversity in biofilms cultivated under Co 
contamination

The copy number of the 16S rRNA gene (used as a proxy for pro-
karyotic abundance) increased in all biofilms between D7 and D14 (p <
0.01), regardless of Co concentration (Fig. 2C, Table S6). After D14, the 
abundance of prokaryotes in control and 0.1 μM-exposed biofilms 
remained stable, but significantly increased when exposed to 0.5- and 1 
μM of Co (p < 0.05). At D21, biofilms exposed to 0.5- and 1 μM had 3- 
fold higher levels of 16S rRNA gene copy numbers than the control or 
0.1 μM-exposed biofilms (p < 0.05). 16S rRNA gene copy numbers 
significantly decreased between D28 and D63 for all biofilms (p <
0.005). Nevertheless, after the cessation of Co exposure at D63, the 
prokaryotic abundances of biofilms previously exposed to 0.5 μM and 1 
μM of Co remained higher than those of control biofilms (p < 0.01) 
(Fig. 2C).

The control biofilms demonstrated stable specific richness over the 
28 days of growth, with 1,004 ± 84 OTUs (Table S4). Interestingly, the 
Shannon and Pielou indexes significantly increased at D28 (p < 0.05), 
indicating more evenly distributed communities (Table S4). In com-
parison, the specific richness of biofilms exposed to Co rised at D21, 
showing a significantly higher number of OTUs and increased Pielou 

Fig. 2. Main biological parameters of biofilm growing in the different artificial streams exposed to 0, 0.1, 0.5, or 1 μM of Co over time. (A) Dry weight, (B) 16S rDNA 
gene copy numbers, (C) Chlorophyll a, b, and c contents. Dry weight and chlorophyll content data include samples in one replicate within a stream for Day 7 and Day 
14, and two replicates for Day 21 and D28. For 16S rDNA gene copy numbers data includes samples in triplicates within a stream. * indicates statistical differences (* 
= p < 0.05; **p < 0.01), the color of lines (from green to black) indicates the increasing Co concentrations by comparison with control conditions (■: Control 
conditions; •: 0.1 μM Co; ▴: 0.5 μM Co; ◆: 1 μM Co).
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evenness for 0.5 μM-exposed biofilms (p < 0.05) (Table S4). The Chao1 
index tracks the rare OTUs within the community, indicating stable 
richness during colonization under all conditions. However, the exposed 
biofilms presented higher richness not only at D21 but also at D28 and 
D63 (p < 0.05) (Table S4). Specific richness and the Shannon and Pielou 
indexes measurably declined in the majority of the biofilms after 35 days 
of return to natural conditions (p < 0.001) (Table S4).

The two-dimensional NMDS ordinations, which were based on Bray- 
Curtis distances of prokaryotic communities, clustered samples accord-
ing to the growth time (axis NMDS 1) and Co concentrations (axis NMDS 
2) (Fig. 3). All biofilms, including the control, had evolving communities 
over the biofilm growth period (p < 0.01), except biofilms exposed to 
0.1 μM Co, which showed no significant variation between D21 and D28 
(Table S5). Control biofilms and biofilms treated with 0.1 μM Co 
exhibited similar community compositions. In contrast, biofilms 
exposed to 0.5 and 1 μM Co demonstrated significant differences in 
prokaryotic composition compared to the control or those treated with 
0.1 μM, and even between each other, for all sampling periods (p < 0.01) 
(Table S5). Over time, distances between two groups of clusters (Control 
and 0.1 μM Co vs. 0.5 and 1 μM Co) grew larger, showing that dissim-
ilarities among the biofilms increased. By D63, the biofilm structures 
remained as different as they were during Co exposure without any 
cluster overlap (Fig. 3) (p < 0.005) (Table S5).

Regardless of the time and Co exposure conditions, biofilms were 
dominated by Proteobacteria, Bacteroidota, Cyanobacteria, and Plancto-
mycetota phyla (Fig. S4-A). Acidobacteria, Actinobacteria, Chloroflexi, and 
Verrucomicrobiota phyla were also found within biofilms, but at a lower 
percentage. The prokaryotic community of control biofilms at D7 was 
dominated by Cyanobacteria (31.70 ± 25.00%), with their relative 
abundance decreasing over time to reach 7.00 ± 4.04% of the commu-
nity by D28 (Fig. 4B, Fig. S4-A). Bacteroidetes followed the same trend, 
with a minimum observed at D21 (Fig. 4B, Fig. S4-A). Conversely, the 
proportion of Planctomycetes increased from D7 to D21 (p < 0.05) 
(Fig. 4B).

Cobalt exposure resulted in a change of major prokaryotic taxa 
proportions in exposed biofilms (Fig. 4A). The NMDS analysis suggested 
few alterations in community composition at 0.1 μM of Co (Fig. S5), but 

we observed significant changes at 0.5 and 1 μM Co (Fig. 4B, Fig. S6). 
The Cyanobacteria was highly sensitive to Co, exhibiting significantly 
lower proportions compared to the control across all sampling times (p 
< 0.05). By D7, the impact on Cyanobacteria was already noticeable, 
accounting for 5.7 ± 1.5% and 3.5 ± 2.4% of the communities for 0.5 
μM and 1 μM-exposed biofilms, respectively (Fig. 4B). Members of the 
Planctomycetes were also adversely affected at 0.5 and 1 μM Co from D14 
to D28 (p < 0.05). Conversely, Bacteroidetes proved highly resistant, 
accounting for 42.8 ± 3.6% and 36.2 ± 2.7% of the community at D7 
and D28 at 1 μM Co. In control biofilms, they represented merely 24.7 ±
9.3% and 14.0 ± 2.5% at D7 and D28, respectively (p < 0.05) (Fig. 4B). 
The Bacteroidetes class mainly consisted of Chitinophagales, Flavobacter-
iales, and Sphingobacteriales orders. By D63, biofilms exposed to 0.5 and 
1 μM Co exhibited a significant rise in the relative abundance of Cya-
nobacteria (p < 0.001) and a decline for Bacteroidota (p < 0.001).

3.5. Predicted functional profile of Co-contaminated biofilms

The predicted functional profiles of communities were inferred based 
on the 16S sequences and PICRUSt2 (Douglas et al., 2020). Picrust2 
relies mainly on the accuracy and representativeness of the reference 
database, which could introduce biases if certain species or functions are 
underrepresented. In addition, this tool only predicts the presence of 
functional genes and does not provide information on gene expression 
levels. These limitations imply that the results obtained must be inter-
preted cautiously.

The predictive functional potential of biofilms was calculated based 
on pathways related to biofilm formation and energy metabolisms 
(photosynthesis, carbon fixation pathways in prokaryotes, methane, 
nitrogen, and sulfur metabolisms). No variation in the selected pathways 
was observed between the control and the biofilms exposed to 0.1 μM Co 
until D21. At this time, photosynthetic and sulfur metabolism potential 
decreased, while carbon fixation pathways in prokaryotic communities 
were slightly enhanced (p < 0.05) (Fig. S7). For higher Co concentra-
tions (0.5 and 1 μM Co), pathways associated with carbon fixation were 
influenced by Co from an earlier stage of colonization (D7) (p < 0.05) 
(Fig. S8, Fig. 5). Significantly lower photosynthetic potential was 

Fig. 3. Non-metric multi-dimensional scaling ordination based on Bray-Curtis dissimilarity matrix of OTUs from prokaryotic communities in growing biofilms in the 
presence of Co (stress = 0.12). Insert corresponds to NMDS ordination of OTUs at D63 (stress = 0.10). Sampling times are represented as follows: Day 7 (yellow), Day 
14 (green), Day 21 (red), Day 28 (blue), and D63 after cessation of Co contamination (Black). Conditions of exposure are represented as follows: ■ Control; • 0.1 μM; 
▴0.5 μM; ◆ 1 μM. Ellipses are constructed using the mean and covariance of the group’s points, covering 80 % of the points for each group.
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observed, but alternative prokaryotic pathways for carbon fixation were 
enhanced throughout the entire exposure period (p < 0.05). Pathways 
linked to biofilm formation (including attachment mechanisms and EPS 
secretion) were negatively impacted in the presence of 0.5 and 1 μM Co 
from D7 (p < 0.05). Similar trends were observed for D14, D21, and D28 
(Fig. S8, Fig. 5). There was a significant variation observed for other 
energy metabolisms related to the methane, sulfur, and nitrogen cycles 
(p < 0.05) but without any clear pattern. Finally, after 35 days of 
cessation of Co injection, biofilms exposed to 1 μM were able to reach 
the same levels of photosynthesis and biofilm formation potentials as the 
control biofilms. Carbon fixation by prokaryotes was still more prevalent 
in previously exposed biofilms (Fig. 5).

4. Discussion

The present study aimed to evaluate the ecotoxicological impacts of 
Co on prokaryotic communities in freshwater biofilms and assess their 
potential to be used as bioindicators of Co contamination in rivers. This 
is particularly relevant in a context where Co extraction and usage have 
surged significantly in recent decades (Graedel and Miatto, 2022; U.S 
Geological Survey, 2018, 2008). Consequently, the health of aquatic 
ecosystems is endangered due to waste disposal into the environment or 
the impact from nearby industrial sites (Atibu et al., 2013; Barrio-Parra 
et al., 2018).

Fig. 4. (A) Mean proportions and differences in mean proportions of taxa with statistically significant differences (White’s non-parametric test) between control and 
1 μM-exposed biofilms based on STAMP comparison. In white, the control condition; in red, biofilms exposed to 1 μM of Co. (B) Modifications of relative proportions 
of Cyanobacteria, Bacteroidetes, and Planctomycetes classes within biofilms. The color of lines indicates the increasing Co concentrations by comparison with control 
conditions (■: Control conditions; •: 0.1 μM Co; ▴: 0.5 μM Co; ◆: 1 μM Co).
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4.1. Cobalt bioaccumulation in growing biofilms as a function of time and 
ambient concentrations

Cobalt concentrations in growing biofilms showed a good correlation 
with ambient-free Co2+ concentrations, as already observed in recent 
studies on mature biofilms (Colas et al., 2024; Dutta et al., 2022). 
Similar correlations were observed for other metals such as Ni, Cd, Zn, 
and Cu in biofilms, indicating that metal accumulation in biofilms could 
be a reliable proxy for metal bioavailability (Laderriere et al., 2020; 
Leguay et al., 2016; Meylan et al., 2004; Morin et al., 2008). While the 
total accumulated Co levels remained stable during biofilm formation, 

the internalized fraction gradually increased, accounting for over 80% 
of the total accumulated Co after 28 days of colonization, irrespective of 
exposure concentration. This finding concurs with a recent study on 
mature biofilms, where the intracellular fraction of accumulated Co also 
increased over time, representing most of the accumulated Co (71 ±
14%) (Colas et al., 2024). After 28 days of 1 μM Co exposure, the levels 
of intracellular Co measured were consistent with those in previous 
studies (7.68 ± 1.10 (this study) vs. 8.81 ± 0.45 μmol.gDW

− 1 in (Colas 
et al., 2024)) although Co accumulation was more rapid and substantial 
in mature biofilms. Higher Co accumulation, when exposed to elevated 
Co levels, corresponded with higher prokaryotic populations from Day 

Fig. 5. Predicted functional profile of prokaryotes within control biofilms and biofilms exposed to 1 μM of Co at each sampling time under Co exposure (D7, D14, 
D21, and D28). Only the mean proportions and differences in mean proportions of pathways with significant differences of relative abundance (STAMPS comparison, 
White’s non-parametric test) are represented. D63: sampling day after 35 days of cessation of Co exposure.
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21 and a distinct microbial composition in biofilms, likely influenced by 
the selection of tolerant organisms.

4.2. Cobalt impacts on the structure of bacterial community within 
biofilms

The composition of the prokaryotic community in biofilms from the 
Gave de Pau River was comparable to those observed in other river 
biofilms, primarily dominated by the phyla Proteobacteria, Bacteroidota, 
Planctomycetota, and Cyanobacteria (Besemer, 2015; Romaní et al., 
2013). The formation of natural biofilms was characterized by a sig-
nificant increase in the proportions of Planctomycetota and a decrease in 
Cyanobacteria, likely related to the decrease in light and temperature 
from October to December. Biofilms exposed to 0.1 μM Co displayed a 
similar prokaryotic community abundance, structure, and functional 
profile to control biofilms.

Structural changes were observed in growing biofilms exposed to 0.5 
and 1 μM of Co. While the impact of metals on mature biofilms and 
microbial communities has been comprehensively described (Colas 
et al., 2024; Doose et al., 2021; Gil-Allué et al., 2018; Massieux et al., 
2004; Morin et al., 2008), our study highlighted the effects of Co on the 
early stages of biofilm colonization. Dissimilarities in the community 
compositions were visible by D7, which intensified over exposure time. 
These differences resulted from shifts in the relative abundance of major 
taxa as a function of Co concentrations. Among them, Cyanobacteria 
showed a high degree of sensitivity to Co concentrations of 0.5 μM or 
above. This sensitivity is consistent with previous observations of Cya-
nobacteria in mature environmental biofilms exposed to other metals 
(Ni, Cu, Zn, and Pb) (Lawrence et al., 2004; Pandey, 2020). On the other 
hand, as an essential microbial nutrient, a limitation in the growth of an 
axenic Cyanobacteria strain for Co concentrations below 1 nM, has 
already been confirmed (Facey et al., 2022). This sensitivity underscores 
the potential for Cyanobacteria to serve as a bioindicator of metal 
contamination. The increased sensitivity of Cyanobacteria to Co likely 
resulted in a reduced photosynthetic potential in the biofilms, as pre-
viously reported (Corcoll et al., 2012). Such impacts could affect other 
heterotrophic bacteria considering that Cyanobacteria are significant 
primary producers in biofilms (Battin et al., 2016). Consequently, the 
balance between autotrophs and heterotrophs, critical for the func-
tioning of biofilms and carbon cycling in aquatic ecosystems, could be 
affected. However, the predictive functional analysis in our study sug-
gested that this critical stage of primary production for biofilm forma-
tion and maintenance was predominantly supported by non- 
phototrophic CO2 fixators. This predicted metabolic redundancy aligns 
with previous research describing at least six alternatives to photosyn-
thetic organisms for carbon fixation, including members of Chlorobi, 
Chlorofexi, Aquaficea, Nitrospira, Planctomycetes, and Proteobacteria 
(Berg, 2011; Garritano et al., 2022; Santos Correa et al., 2023).

A sensitivity to Co was also demonstrated for members of the 
Planctomycetes class. Despite its relative abundance increased over 21 
days, it remains half of the abundance in control biofilms. Recent 
research indicates a decline in the relative abundance of Planctomycetes 
in mature biofilms undergoing exposure to Co concentrations similar to 
those tested here (Colas et al., 2024). Planctomycetota abundances are 
described to exhibit seasonal variations in river biofilms (Brümmer 
et al., 2004). Furthermore, a significant association was observed be-
tween the Planctomycetes class and macroalgal abundances (Lage and 
Bondoso, 2011). Though macroalgae were not studied in the present 
research, our data suggest that the absence of resources from photo-
synthetic primary producers, in the presence of 0.5 and 1 μM Co, trig-
gered a decrease in Planctomycetota members. It is noteworthy that 
certain anaerobic ammonia-oxidizing members of the Planctomycetota 
can perform the reductive acetyl-CoA pathway for carbon fixation, 
which may serve as an alternative to photosynthesis in this study (Berg, 
2011; Ljungdhal, 1986). The acetyl-CoA pathway demands high levels of 
metals and coenzymes including cobalamin, which is synthesized from 

Co (Berg, 2011). This suggests that biofilms exposed to high Co con-
centrations might favor this pathway.

In contrast, Bacteroidota, mainly composed of members of Chitino-
phagales and Flavobacteriales, were highly resistant and enriched in the 
presence of Co. Bacteroidota has high metabolic diversity and can 
degrade complex macromolecules. They are important degraders of 
suspended particles (Besemer, 2016, 2015; Newton et al., 2011). The 
increase of Bacteroidetes in the presence of 0.5 and 1 μM Co may be 
explained by their ability to degrade more refractory organic molecules 
within biofilms and ambient waters when labile organic compounds are 
less prevalent due to Cyanobacteria sensitivity to Co.

4.3. Lack of resilience of the prokaryotic community after Co exposure

Our study also investigated the long-term effects of Co contamina-
tion following a return to natural water composition. While prevention 
and detection are crucial, it is also essential to examine the resilience of 
exposed ecosystems to fully comprehend the impacts of metal contam-
ination. The 35-day period after halting the Co injection did not allow 
for a complete recovery of the biofilms when compared to the control 
biofilms. The levels of total bioaccumulated Co decreased but remained 
up to eight times higher in exposed biofilms than in control biofilms. 
Similarly, the prokaryotic communities remained different. The 
incomplete recovery of periphytic diatom communities after contami-
nation with Cd and Zn (Arini et al., 2012) or triclosan (Lawrence et al., 
2004) has been previously described. This lack of structural resilience in 
microbial communities at the base of the trophic chain could have 
vertical repercussions on the structure and interactions at higher trophic 
levels (Feckler et al., 2015). Specifically, persistent imbalances in 
structure and key processes could affect resources and food availability, 
including oxygen and organic matter, which in turn could disrupt the 
food web and the ecological status of watercourses.

4.4. Prokaryotic communities are good bioindicators of a co 
contamination

Even though bacterial communities are key components of ecosys-
tems, they are rarely used as biomonitoring tools. Microorganisms are 
recognized for their significant bioindication potential, as they are 
sensitive to environmental shifts (Doose et al., 2021; Lear et al., 2009; 
Zhang et al., 2019). Their activity and position at the basis of the trophic 
chain also enables them to function as a early warning tool before higher 
trophic levels show any repercussions. This study aimed to assess the 
ability of prokaryotic communities to act as a bioindicator of Co expo-
sure. Microorganisms displayed a swift response, with major taxa such 
as Cyanobacteria and Planctomycetes showing sensitivity, and others, like 
Bacteroidetes, exhibiting resistance to Co. Further, utilizing a molecular 
approach to target prokaryotic communities facilitates the potential 
prediction of functional implications linked to exposure to a contami-
nant. This approach could also be advantageous for assessing the 
restoration of aquatic ecosystems since Co contamination history was 
still evident in the prokaryotic community structure even after the stress 
induction period and an exposure period without the contaminant had 
concluded. Therefore, the prokaryotic communities assessed in this 
study offer compelling evidence as viable alternatives to traditional 
counting methods and morphological analyses, which are often 
compromised by human biases (Haase et al., 2010). Indeed, microbial 
approaches are less time-consuming and labor-intensive if applied as a 
routine method. An additional advantage is that they present a 
comprehensive view of the impacts of river contamination, from com-
munity structure and group interactions to predicted functional profile, 
providing further insight into potential repercussions at higher trophic 
levels and even at the ecosystem level.

According to the definition provided by the IUPAC (Duffus et al., 
2007), prokaryotic communities that develop within river biofilms are 
suitable bioindicators. They can be used alone or integrated with other 
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physical, chemical, and biological measures in a modeling approach to 
better understand metal impacts on environmental health (Astudillo- 
García et al., 2019). When developing a new monitoring tool based on 
these bacterial communities, one must address the challenge of char-
acterizing local reference communities. This is because water composi-
tion, which can impact the natural composition of bacterial 
communities within river biofilms, can vary depending on seasons, river 
conditions, and geography.

Further studies focusing on the sensitive and resistant groups, as 
described in the present work, are needed to confirm their behavior in 
the presence of metals. Additionally, the interactions between all com-
partments within biofilms, including microalgae, should be considered 
in future assessments of metal impact on the first levels of aquatic and 
terrestrial food webs.
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l’échelle des bassins hydrographiques et selon les types de pression chimique (No. 
Ineris-203220-2733069-v2.0). Ineris, Verneuil-en-Halatte.

Ivorra, N., Bremer, S., Guasch, H., Kraak, M.H.S., Admiraal, W., 2000. Differences in the 
sensitivity of benthic microalgae to ZN and CD regarding biofilm development and 
exposure history. Environ. Toxicol. Chem. 19, 1332–1339. https://doi.org/10.1002/ 
etc.5620190516.

Laderriere, V., Paris, L.-E., Fortin, C., 2020. Proton competition and free ion activities 
drive cadmium, copper, and nickel accumulation in river biofilms in a Nordic 
ecosystem. Environments 7, 112. https://doi.org/10.3390/environments7120112.

Lage, O.M., Bondoso, J., 2011. Planctomycetes diversity associated with macroalgae: 
Planctomycetes-macroalgae diversity. FEMS Microbiol. Ecol. 78, 366–375. https:// 
doi.org/10.1111/j.1574-6941.2011.01168.x.

Lawrence, J.R., Chenier, M.R., Roy, R., Beaumier, D., Fortin, N., Swerhone, G.D.W., 
Neu, T.R., Greer, C.W., 2004. Microscale and molecular assessment of impacts of 
nickel, nutrients, and oxygen level on structure and function of river biofilm 
communities. Appl. Environ. Microbiol. 70, 4326–4339. https://doi.org/10.1128/ 
AEM.70.7.4326-4339.2004.

Lear, Gavin, Niyogi, D., Harding, J., Dong, Y., Lewis, G., 2009. Biofilm bacterial 
community structure in streams affected by acid mine drainage. Appl. Environ. 
Microbiol. 75, 3455–3460. https://doi.org/10.1128/AEM.00274-09.

Lee, L.H., Lustigman, B., Chu, I.-Y., Hsu, S., 1992. Effect of lead and cobalt on the growth 
of Anacystis nidulans. Bull. Environ. Contam. Toxicol. 48 https://doi.org/10.1007/ 
BF00194376.

Leguay, S., Lavoie, I., Levy, J.L., Fortin, C., 2016. Using biofilms for monitoring metal 
contamination in lotic ecosystems: the protective effects of hardness and pH on 
metal bioaccumulation. Environ. Toxicol. Chem. 35, 1489–1501. https://doi.org/ 
10.1002/etc.3292.

Li, M., Zhu, Q., Hu, C., Chen, L., Liu, Z., Kong, Z., 2007. Cobalt and manganese stress in 
the microalga Pavlova viridis (Prymnesiophyceae): effects on lipid peroxidation and 
antioxidant enzymes. J. Environ. Sci. 19, 1330–1335. https://doi.org/10.1016/ 
S1001-0742(07)60217-4.

Li, K., Qian, J., Wang, P., Wang, C., Lu, B., Jin, W., He, X., Tang, S., Zhang, C., Gao, P., 
2020. Responses of freshwater biofilm formation processes (from colonization to 
maturity) to anatase and rutile TiO2 nanoparticles: effects of nanoparticles aging and 
transformation. Water Res. 182, 115953 https://doi.org/10.1016/j. 
watres.2020.115953.

Ljungdhal, L.G., 1986. The autotrophic pathway of acetate synthesis in acetogenic 
bacteria. Annu. Rev. Microbiol. 40, 415–450. https://doi.org/10.1146/annurev. 
mi.40.100186.002215.
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