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Abstract: With the wide application of selenium (Se) in industrial production, different Se-based
compounds (selenate and selenite) are produced and released into aquatic environments. The
potential impacts of such Se compounds on the biofilms (a complex microbial aggregate in aquatic
systems) need to be substantially explored. Herein, we investigated the responses of bacterial
community diversity, composition and structure, and function of biofilms after 21 days of exposure
to low concentrations (100 pg/L) and high concentrations (1 mg/L) of sodium selenate and sodium
selenite, respectively. Distinct effects of selenium in different valences on the community structure and
microbial functions of biofilms were observed. Compared with the controls, the addition of selenate
and selenite solutions altered the richness of biofilms but not the diversity, which is dependent on the
concentration and valences, with sodium selenite (1 mg/L) exhibiting a strong inhibition effect on
community richness. Significant changes of community composition and structure were observed,
with a significant increase in Proteobacteria (31.08-58.00%) and a significant decrease in Bacteroidetes
(32.15-11.45%) after exposure to sodium selenite with high concentration. Also, different responses
of gamma-Proteobacteria and alpha-Proteobacteria were observed between the sodium selenite
and sodium selenate treatments. Moreover, results showed that sodium selenite could strengthen
the function of the metabolism of biofilms, and the higher the concentration is, the more apparent
the enhancement effect is. All these results suggested that the effects of different valence states of
selenium were obvious, and sodium selenite with high concentration strongly changed the diversity,
structure and function of biofilms.
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1. Introduction

Selenium (Se) is a micronutrient element necessary for organisms, mainly entering
cells in the form of selenocysteine [1-3]. Se containing compounds, especially the water-
soluble oxyanion selenate and selenite (such as sodium selenate and sodium selenite) have
been released into aquatic environments, due to the wide application of Se in industrial
productions, including agriculture, mining, chemical industries, textiles, photography, and
electronics [4,5]. Previous studies have demonstrated that Se is one of the most harmful
trace elements to the waterfowl, fish and egg-laying aquatic vertebrates [6-9]. Se exists
in different oxidation states, including Se (IV), Se (VI), Se (0), and Se (—II), and most
soluble forms of selenium are biologically available, and absorbed into the cells [10]. It has
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been reported that the growth of algae will be inhibited when Se concentration is higher
than 7.49 mg/L [11]. Thus, the potential impacts of Se in freshwaters should receive more
attention, due to their potential hazardous properties on aquatic organisms.

During their transport in freshwater, selenium would come into contact with aquatic
life, such as periphytic biofilms [12,13]. Ubiquitous in freshwater environments, peri-
phytic biofilms are complex microbial communities that are present on submerged surfaces,
and they might represent a first environmental medium that interact with potential stres-
sors [13-15]. The multi-species community composition and structure allow biofilms
to be ecologically important in multiple activities, such as primary production and or-
ganic matter decomposition, which enables biofilms to become an ecological hotspot and
substantially contribute to the biogeochemical cycle in the aquatic environment [16,17].
Furthermore, biofilms are sensitive to pollutants and widely used as important indicators
of aquatic ecosystems [14,15], as biofilms could change their microbial composition and
function to resist the toxicity of pollutants [16]. Therefore, there is a need to evaluate
the responses of microbial communities and functions of biofilms exposed to selenium in
aquatic ecosystems.

Previous studies have reported that selenium accumulates in large quantities in
biofilms as they enter the aquatic environment, and then can be transformed in valence with
different microbial activities [18-20]. For example, bacteria using SeO4%~ as the respiratory
electron acceptor were able to reduce it to SeO32~ by nitrate reductase (Nar and Nap) and
the action of hydrogen. SeO3%~ can then be reduced to Se’ enzymes by periplasmic nitrite
reductase (Nir) or hydrogenase [21-24], and then further reduced to the biological element
selenium had an inhibitory effect on the single bacterial strain [25,26]. Also, studies have
shown that Se nanoparticles have antibacterial against Escherichia coli, Pseudomonas aerug-
inosa, and Staphylococcus aureus [26,27]. Recently, the toxic effects of selenium in aquatic
environments have drawn more attention. The large doses of selenate or selenite led to
reduction of both functional enzymes and microbial activities [28,29]. Moreover, Espinosa-
Ortiz et al. have demonstrated the toxic effect that selenite has on the morphology and
respiratory activity of the biofilm of Phanerochaete chrysosporium [30]. Also, significant
differences in bacterial community structure within biofilms formed from an anaerobic
sludge inoculum were observed during the selenate removal in biofilm systems under the
effects of nitrate and sulfate [31]. Most research focuses on the effect of Se on single-specie
biofilms in lab, leaving significant knowledge gaps about the potential impacts on the
multi-species biofilms in freshwater, in terms of the responses of the community structure
and microbial functions.

To solve this knowledge gap, biofilms were cultivated in a lab, and exposure exper-
iments were conducted to investigate the toxic effects of selenium in different valences
on freshwater biofilms. After 21 days of an exposure, high-throughput sequencing was
performed to study the responses of microbial composition and structure, and the microbial
functions of biofilms to selenium. This study will be helpful to understand the ecological
risk of selenium pollution in the aquatic environments.

2. Materials and Methods
2.1. Biofilms Cultivation

The cultivation of biofilms followed the process we used in our previous study [32].
Briefly, the microbial sources were obtained from benthic rocks in Xuanwu Lake, Nanjing,
China. Large granular particles and micro animals attached to pebbles were removed, and
then the biofilm was stored in a sterile tank and brought back to the laboratory and added
to ice within 1 h. Fifty liters of freshwater collected from the lake was also obtained to
determine water quality parameters, which were finally determined as: pH = 7.7; total
nitrogen (TN) = 2.3 mg/L; total phosphorus (TP) = 0.13 mg/L; NH;*—N = 0.62 mg/L; and
NO3;~™—-N=0.85mg/L.

The biofilms and water samples were further transported to a greenhouse (air tempera-
ture: 20 £ 1 °C) where they were mixed in a dynamic water tank (size: 4m x 0.3 m x 0.3 m,
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flow velocity: 0.12 m/s) to simulate natural environments. Cobblestones (diameter: 2-3 cm)
were laid in the water tank as substrates for biofilms development. Nutrient solution was
added every five days to support biofilms growth [32]. Halogen lamps (light to dark
ratio = 12:12 h) were provided as light sources. After six weeks, matured biofilm com-
munities were observed through dry weight measuring (Figure S1) and transferred to
microcosms (cylindrical plexiglass tanks) for further experiment.

2.2. Sodium Selenate and Sodium Selenite Exposure

Fifteen microcosms (diameter: approximately 30 cm) were filled with 2.5 L (about
10 cm deep) of the experimental solution used for biofilm cultivation, and contained
30 random cobbles as substrates for the biofilms. All microcosms were placed in an indoor
laboratory with an average temperature of 20 £ 1 °C. Artificial light was maintained by
Halogen lamps to ensure that the light and darkness were 12 h each day. Two hours of
stabilization of biofilms in lab were performed, and then the selenium exposure experiments
were conducted. To investigate the dose effects of selenium on freshwater biofilms, sodium
selenate and sodium selenite were dissolved in distilled water first to prepare the stock
suspension. Then, the stock were added into the microcosms to obtain the concentration
of 100 ng/L and 1 mg/L, respectively. Control tests (cont) were also set without Se
addition. The five experimental groups were named as NAH (1 mg/L sodium selenate),
NAL (100 pg/L sodium selenate), NIH (1 mg/L sodium selenite), NIL (100 pg/L sodium
selenite), and control. Both the control and selenium treatments included three replicates,
and the exposure experiments lasted for 21 days. An agitator was installed on each
microcosm and the speed was set at 150 r/min to simulate flow conditions.

After the exposure experiment, the biofilms attached to the cobbles were carefully
peeled off by a disinfected brush and transferred to flasks. All samples were stored at
—80 °C for subsequent DNA extraction.

2.3. DNA Extraction and High-Throughput Sequencing

After the exposure, approximately 1 g of each biofilm sample was collected and stored
at —80 °C. DNA extraction was carried out using E.Z.N.A. ®Tissue DNA kit (Omega
Bio-Tek, Norcross, GA, USA), according to the manufacturer’s protocol [32]. The con-
centration and purity of extracted DNA were measured using NanoDrop One (Thermo
Fisher Scientific, MA, USA). Then, the V4 region of the bacterial 16S ribosomal RNA of the
extracted DNA was amplified by PCR. The investigation of the bacterial community was
conducted using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) by MAGI-
GENE Biotech Co., Ltd. (Guangzhou, China). The detailed information was provided in
the Supporting Information.

For processing the sequencing data, quality filtering of paired-end raw reads was performed
using Trimmomatic (V0.33, http:/ /www.usadellab.org/cms/?page%C2%BCtrimmomatic, ac-
cessed on 21 July 2020) to obtain high-quality, clean reads. Then, paired-end clean reads were
merged using FLASH (V1.2.11) to obtain spliced sequences called Raw Tags. The Mothur
software (V1.35.1, https:/ /www.mothur.org/, accessed on 21 July 2020) was used to further
filter and dislodge chimeric sequences and obtain effective Clean Tags. Clean Tags were then
classified into operational taxonomic units (OTUs) using the usearch software (V8.0.1517, http:
/ /www.driveb.com/usearch/, accessed on 21 July 2020), according to the sequence similarity.
The most frequently occurring sequence was selected as the representative sequence for each
OTU. Each representative sequence was annotated with taxonomic information using the as-
sign_taxonomy.py script in Qiime 2 (http://qgiime.org/scripts/assign_taxonomy.html, accessed
on 21 July 2020), concerning the Silva database (confidence threshold > 0.5). OTU abundance
information were normalized at 31,774 (the least sequences) corresponding to all samples. Sub-
sequent analysis of alpha diversity and beta diversity were all performed basing on this output
normalized data.
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2.4. Analysis Method of Functional Prediction

Bacterial metagenome content was predicted from the OTU (taxonomic) data, and
functional inferences were made from the Kyoto Encyclopedia of Gene and Genomes
(KEGG) catalog using the PICRUSt software [32]. The KEGG and COG family information
corresponding to OTU can be obtained through the greengenes database, and then OTU
abundance from the information in the KEGG database is used to calculate the abundance of
each functional category. The analysis of the bacterial functional prediction was conducted
by MAGIGENE Biotech Co., Ltd. (Guangzhou, China).

2.5. Statistical Methods

All assays were conducted in three replicates, and data were expressed as the
mean + standard deviation. Significant differences between treatments were analyzed in
Origin 2022 using a one-way analysis of variance (ANOVA) test followed by a post hoc
Tukey test; significance level was set as 0.05.

Microbial alpha diversity indices, including the Chaol estimator and Shannon diver-
sity, were calculated in Mothur (v1.30.1). As for the community composition, significant
differences between all the treatments were determined by the Kruskal-Wallis (KW) sum-
rank test, and then corrected for multiple tests according to the Benjamini-Hochberg false
discovery rate (FDR) procedure, with q values lower than 0.05. Microbial beta diversity was
determined by principal co-ordinates analysis (PCoA) based on the Bray—Curtis distance
using R package vegan. Analysis of similarities (Anosim) and Permutational multivariate
analysis of variance (PERMANOVA, n = 999) were conducted to test the significance of
differences between treatments using R package vegan. Linear discriminant analysis effect
size (LEfSe) analysis with a non-parametric factorial Kruskal-Wallis (KW) sum-rank test
under an all-against-all (a more strict) strategy was calculated and drawn using Galaxy.

3. Results and Discussion
3.1. Taxonomic Annotation and Alpha Diversity

After quality filtering, 549,078 sequences were detected, and then 31,774 sequences
(the least value) were subsampled to compare community composition and structure
within biofilms. The plateaued rarefaction plots of the Chaol and Shannon indices, and the
high species coverage (>94%) for biofilms indicated the obtained OTUs met the analysis
requirements (Figure S2).

In this study, alpha diversity was characterized by community richness and commu-
nity diversity. Chaol index was used to represent the community richness, and the Shannon
index was used to represent the community diversity. As shown in Figure 1, compared
with the control group, the addition of selenate and selenite solutions altered the richness
of biofilms but not the diversity. Specifically, neither the high nor the low concentrations of
sodium selenate affected the bacterial community richness, suggesting that sodium selenate
within 1 mg/L did not change the bacterial richness during the experimental period in
this study. When compared to the control tests, the sodium selenite exposure with 1 mg/L
significantly inhibited the bacterial community richness, and this was not observed in the
100 pg/L treatments. This results suggested that high concentrations of sodium selenite
can decrease the bacterial richness after 21 days of exposure. Furthermore, significantly
lower bacterial community richness was observed in 1 mg/L sodium selenite treatments
compared to the 1 mg/L sodium selenate treatments (p < 0.05), suggesting that selenite
showed a greater inhibiting effect on community richness than selenate. This result is
consistent with previous studies [28,29].

As for the Shannon index, there was no significant change in the Shannon index within
biofilms after the sodium selenite and sodium selenate treatments. High alpha diversity
within microbial community is helpful to maintain their ecosystem functions when faced
to environmental disturbances [33]. The exposure to selenium in this study changed the
alpha diversity of biofilms, which might influence the capacity of microbial communities
to keep their ecological functions [34]. From the results of this study, the exposure to
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selenium had various toxic effects on the bacterial communities of biofilm, dependent on
the concentration and valences, and sodium selenite (1 mg/L) had a strong inhibition effect
on community richness.
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Figure 1. Alpha diversity of biofilms from the different treatments. (A) Richness, indicated by the
Chaol index. (B) Diversity, indicated by the Shannon index. Cont: control; NAH: 1 mg/L sodium
selenate; NAL: 100 pg/L sodium selenate; NIH: 1 mg/L sodium selenite; NIL: 100 ug/L sodium
selenite. * represents that there is a significant difference between these two groups.

3.2. Bacterial Community Composition and Structure in Biofilms

High-throughput sequencing of the 165 rRNA gene was used to analyze the sequence
information at the phylum and class taxonomic levels. Meanwhile, taxa with a relative
abundance of more than 1% were selected to draw the relative abundance distribution map.
Stacked columns are taxa with relative abundance greater than 1% at each taxonomic level,
and others with relative abundance less than 1% are classified as others.

As shown in Figure 2, Proteobacteria have the highest relative abundance (31.08-58.0%) in
all biofilm samples, followed by Cyanobacteria (16.61-34.56%), Bacteroidetes (11.45-32.15%),
and Planctomycetes (2.21-6.42%) at the phylum level.

Taxonomy Stack Distribution of Phylum

Phylum
. Proteobacteria Actinobacteria
. Cyanobacteria . Patescibacteria
0.75-
. Bacteroidetes . Chlamydiae
. Planctomycetes . Deinococcus-Thermus
Verrucomicrobia . Elusimicrobia
0.50- ) ) ) )
Acidobacteria Mitrospirae
Chloroflexi . Dependentiae
. Firmicutes Kiritimatiellaegota
0.25- . Gemmatimonadetes . Spirachaetes
(Unassigned) others

Armatimonadetes

Relative Abundance

0.00- T . . . .
NAH NAL NIL NIH cont

Sample Names

Figure 2. Community composition at the phylum level of the different treatments, selected species
with relative abundance greater than 1%. Cont: control; NAH: 1 mg/L sodium selenate); NAL:
100 pg/L sodium selenate; NIH: 1 mg/L sodium selenite; NIL: 100 pg/L sodium selenite.
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The greatest change in community composition was seen in the NIH groups compared
to the control group. Specifically, the relative abundance of Proteobacteria increased
significantly, while Bacteroidetes decreased significantly. The abundance of Bacteroidetes
decreases significantly in high concentrations of sodium selenite. Bacteroidetes can degrade
cellulose, chitin and other water-soluble polymer organic matter [35], and therefore, high
concentrations of sodium selenite may destroy the carbon cycle in the aquatic environment.

At the class level, there were significant differences in community composition among
the treatment groups (Figure 3 and Figure S3) as determined by Kruskal-Wallis (KW)
sum-rank test. Specifically, the Oxyphotobacteria, a photosynthetic bacterium, increased
significantly in all treated biofilm samples after exposure (p < 0.05). Oxyphotobacteria can
produce oxygen using water as an electron source and carbon dioxide as a carbon source,
and the increase of Oxyphotobacteria indicated that the exposure to sodium selenate and
sodium selenite could affect the process of oxygen yields in biofilms. Significant decreases of
Bacteroidia were observed in all treated biofilm samples after exposure (p < 0.05), especially
in the high concentrations of sodium selenite (NIH) treatments. As some members of
Bacteroidia mainly contribute to the degradation of biopolymers, such as cellulose and
chitinase, the decreased abundance of this class may lead to decreased heterotrophic
respiration and carbon metabolism [36,37].
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Figure 3. Changes in the relative abundance of the dominant species at class level from different
treatments (n = 3). Significant differences between all the treatments were determined by Kruskal-
Wallis (KW) sum-rank test and then corrected for multiple test according to the Benjamini-Hochberg
false discovery rate (FDR) procedure, with p < 0.05. Cont: control; NAH: 1 mg/L sodium selenate);
NAL: 100 ug/L sodium selenate; NIH: 1 mg/L sodium selenite; NIL: 100 pg/L sodium selenite.

Interestingly, different responses of gamma-Proteobacteria and alpha-Proteobacteria
were observed between the sodium selenite and sodium selenate treatments. As for gamma-
Proteobacteria, slight decreases in abundance were observed in the sodium selenate treat-
ments (NAH and NAL), compared to the control tests (p > 0.05). Meanwhile, significantly
increases of gamma-Proteobacteria were observed in the sodium selenite treatments (NIH
and NIL), compared to the control tests (p < 0.05). These results suggested different effects
of selenium on the community composition of biofilms, and that low valences of selenium
exhibit higher impacts. Moreover, the abundance of gamma-Proteobacteria increased
from 19.28 to 23.76% (in low concentrations of sodium selenite) and 30.50% (in high con-
centrations of sodium selenite), indicating that a high concentrations of sodium selenite
had a great influence on the community composition of biofilms. Previous studies have
demonstrated that distinct toxic effects of sodium selenate and sodium selenite on aquatic
organisms were observed, and the strong inhibition of functional enzymes and microbial
activities were obtained from the selenite treatments [28,29]. As for alpha-Proteobacteria,
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slight increases in abundance were observed in the sodium selenate treatments (NAH and
NAL), compared to the control tests (p > 0.05). Meanwhile, significantly increases of alpha-
Proteobacteria were observed in the sodium selenite treatments (NIH and NIL), compared
to the control tests (p < 0.05), especially in high concentrations of sodium selenite. Studies
have shown that alpha-Proteobacteria tend to form filamentous and grazing-resistant mor-
phologies, and the strong increase of this class to sodium selenite exposure might favor
biofilms maintaining their physical structure [17].

The similarities between different microbial communities were evaluated by the prin-
cipal co-ordinates analysis (PCoA) ordination, and the first two principal components,
PCoA1 and PCoA2, are selected for plotting (Figure 4). Results showed that the exposure
to selenium led to significant changes in the community structure of biofilms, as all the
selenium treated biofilms were far away from the control tests. Moreover, the high concen-
trations of selenite (NIH) were further away from other treatment groups, suggesting that
the high concentrations of selenite had a deeper influence on bacterial communities within
the experimental period of this study. These results indicated that the community structure
of biofilms could be significantly altered by exposure to the contaminant selenium, and
sodium selenite appears to exhibit strong impacts.

Bray PCoA

group
3 ;
© A H B2 cont
< :
T e A nNaH
g i B NAL
O & B NIH
=
0.05 1 : NIL
A 3
4 =
10 i
1

PCO1 (59.34%)

Figure 4. Principle coordinate analysis (PCoA) of community structure based on the Bray—Curtis
distance from the different treatments. Cont: control; NAH: 1 mg/L sodium selenate); NAL: 100 pg/L
sodium selenate; NIH: 1 mg/L sodium selenite; NIL: 100 ug/L sodium selenite.

Furthermore, the differences of species abundance between the different groups were
detected using LEfSe analysis. The phylogenetic clades of the different species detected are
shown in Figure 5.

The results showed that Spirosomaceae had a high relative abundance in the NAH
group, and Gemmatimonas had a higher relative abundance in the NAL group, producing
significant differences between the groups. The genus Rubrivirga had a significant effect on
the differences between NIH groups. Leptolyngbya had high relative abundance in the in the
NIL groups, which significantly affected the differences between the groups. These results
indicated that the bacterial communities exposed to selenium at different concentration
and valences could exhibit distinct responses. Previous studies have demonstrated that
the accumulation of trace contaminants, such as heavy metals (Zn, Cu and Pb) in biofilms,
might significantly change the bacterial communities [38], and then lead to influences on
their trophic transfer in aquatic ecosystems [39].
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Figure 5. Diagram of species evolution from phylum to genus in the five treatments. The circles
radiating from the inside to the outside represent the taxonomic levels from phylum to genus. Each
node at a different taxonomic level represents a taxon of a species at that level, and the higher the
species abundance, the larger the node is. Cont: control; NAH: 1 mg/L sodium selenate); NAL:
100 pg/L sodium selenate; NIH: 1 mg/L sodium selenite; NIL: 100 pg/L sodium selenite.

3.3. Functions of Microbial on Biofilm

PICRUSt (version 1) software was used to explore the possible effects of selenate
and selenite on the function of biofilms. By comparing the COG database, four kinds of
functional analysis of biological metabolic pathways (metabolism, cellular processes and
signaling, poorly characterized, and information storage and processing) were obtained at
level 1 and are shown in Figure 6a. Results showed that metabolism was highly expressed
in the high concentrations of selenite, suggesting that sodium selenite could strengthen
the function of the metabolism of biofilms, and the higher the concentration is, the more
apparent the enhancement effect is.

At level 2, a total of 20 functional analyses of metabolic pathways, such as nucleotide
transport and metabolism, amino acid transport and metabolism, and cell motility, were
obtained. Results showed that sodium selenite (NIH) could enhance the nucleotide trans-
port and metabolism, cell cycle control, cell division, chromosome partitioning, secondary
metabolites biosynthesis, transport, and catabolism function of biofilms, and reduce repli-
cation, recombination, and repair defense mechanisms (Figure 6b). Meanwhile, sodium
selenate enhanced the intracellular trafficking, secretion, vesicular transport, and cell motil-
ity function of biofilms, but inhibited other functions of biofilm. The supporting data and
statistical analysis are available in Tables S1 and S2.

Due to the complex nature and multi-species communities within biofilms, they
always exhibit strong contaminant capture and degradation capacity [19]. In the face
of toxic chemicals, biofilms often show the plasticity of defensive toxicity due to the
stress resistance of the community [17]. In this study, the distinct effects of selenium in
different valences on the community structure and microbial functions of biofilms were
observed. The microbial communities might exhibit functional redundancy to maintain
the same ecosystem processes despite changes in the composition of the community when
facing external disturbances [32]. The alpha diversity, community structure and microbial
functions of biofilms were altered by the exposure to selenium, especially in the sodium
selenite treatments. These results suggested that the presence of selenium might limit the
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sustainability of biofilms for purification of polluted water, which should be considered for
the nutrients managements of biofilm system [39,40].
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Figure 6. COG abundance clustering heat map at the level 1 (a) and level 2 (b) in the five treatments.
Cont: control; NAH: 1 mg/L sodium selenate); NAL: 100 ng/L sodium selenate; NIH: 1 mg/L
sodium selenite; NIL: 100 pg/L sodium selenite.

4. Conclusions

This study investigated the effects of exposure to sodium selenite and sodium selenate
at different concentrations on biofilms of aquatic ecosystems. The exposure to sodium
selenite significantly decreased the alpha diversity (richness) of biofilms. There were signif-
icant changes in the composition of the microbial community after the Se exposure. The
microbial functions, for example amino acid transport and metabolism, were strengthened,
while the replication, recombination and repair were weakened after exposure to sodium
selenite. In all treatment groups, distinct effects of selenium in different valences on the
community structure and microbial functions of biofilms were observed. The effects of
different valence states of selenium were obvious, and sodium selenite with high concen-
tration strongly changed the diversity, structure and function of biofilms. The long-term
effects of exposure to selenium in the aquatic environment on biofilms in freshwater still
require further study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14152394/s1, Text S1: High-throughput sequencing; Figure S1:
Dry weight of biofilms (g/ m?) after colonization (Day 0). The dry weight became stable since Day 36.
Mature and stabilized biofilms were obtained on Day 42 to conduct exposure experiments; Figure S2:
Dilution curve, the sequence number is in a stable stage of the curve, and the species coverage can
meet the analysis requirements; Figure S3: Community composition at class level, select species with
relative abundance greater than 1%; Table S1: COG database at level 1; Table S2: COG database at
level 2.
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