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Metals can be adsorbed on particulate matter, settle in sediments and cause alterations in aquatic environments.
This study assesses the effect of Ag and/or Cd, both in ionic and nanoparticle (NP) forms, on the microbiome of
sediments. For that purpose, aquatic controlled-microcosm experiments were exposed to an environmentally
relevant and at tenfold higher doses of each form of the metals. Changes in the bacteriome were inferred by 16S

Metagenomics . . P . s
Metafpollution rDNA sequencing. Ionic Ag caused a significant decrease of several bacterial families, whereas the effect was
Microbiome opposite when mixed with Cd, e.g., Desulfuromonadaceae family; in both cases, the bacteriome functionalities

were greatly affected, particularly the nitrogen and sulfur metabolism. Compared to ionic forms, metallic NPs
produced hardly any change in the abundance of microbial families, although the a-biodiversity of the bacter-
iome was reduced, and the functionality altered, when exposed to the NPs' mixture. Our goal is to understand
how metals, in different forms and combinations, released into the environment may endanger the health of
aquatic ecosystems. This work may help to understand how aquatic metal pollution alters the structure and

functionality of the microbiome and biogeochemical cycles, and how these changes can be addressed.

1. Introduction

Aquatic environments are constantly threatened by pollutants as
they are heavily influenced by industrial and populated areas. Among
the different kinds of pollutants, metals are considered one of the main
dangers to these ecosystems as they are widespread, persistent, and
potentially toxic, and their rates of mobilization and transport in the
environment have increased significantly in the last century (Ali et al.,
2019; Tang et al., 2014). Although these pollutants may have a natural
origin, e.g., volcanoes, thermal springs, etc., their main sources are
related to anthropogenic activities, e.g., combustion vehicles, industrial
plants, etc. (Algiil and Beyhan, 2020; Sall et al., 2020). In any case,
directly or indirectly, they are released into aquatic environments
continuously, but they are poorly soluble in water. Thus, they can be
adsorbed by the sediments and suspended particles, acting as a reservoir
for these pollutants, which may degrade the quality of such
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environments for long periods (Algiil and Beyhan, 2020).

Cadmium (Cd) is a toxic metal that accumulates in living organisms
producing a wide range of harmful effects and that has also been clas-
sified as a human carcinogen. Cd contamination has been widely re-
ported in worldwide sediment samples and water bodies due to its long
lasting-nature, tendency to accumulate in organisms, and possible
harmful impacts on aquatic ecosystems (recently e.g., (Celis-Hernandez
et al., 2022; Tian et al., 2022)). Furthermore, bioaccumulation and
trophic transfer have also been reported in fish and shellfish, which may
lead to some negative consequences such as elevated mortality or
reproductive impairment (Bejaoui et al., 2020; Zhang and Reynolds,
2019). The ionic form of silver (Ag) is also well known for its toxicity as
it is more harmful to aquatic organisms than any other metal except
mercury, although its levels are generally low in contaminated waters
(Ndungu, 2011).

The increasing use of nanotechnology has raised questions and
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concerns about the toxicity of nanoparticles (NPs), including metallic
nanoparticles. These materials can act through mechanisms and re-
actions that are very different from those of their metallic ionic forms
and the data available are limited (Oh et al., 2016; Rzigalinski and
Strobl, 2009). Cd containing nanoparticles (e.g., CdTeNPs) are used in a
wide range of industrial and biomedical applications, such as medical
devices, targeted gene and drug delivery, solar panels, display screens,
and solid-state lighting as well as exhibiting antibacterial and antifungal
biological properties (Solanki and Rajaram, 2017). On the other hand,
silver NPs (AgNPs) are some of the most used nanometals in products for
human consumption due to their antimicrobial properties, although
they can also be toxic to other organisms such as invertebrates, algae or
plants (Tao et al., 2016; Yuan et al., 2018).

Although the analysis of nanoparticles in complex environmental
matrices is challenging, some information on their concentration in
sediment and seawater is available. For example, for AgNPs, Giese et al.
(2018) predicted concentrations in the range of 0.02-33.67 pg Kg~* for
freshwater sediment and Metcalfe et al. (2018) measured in the range of
1.94-10.18 pg Kg~ . In seawater, the concentration was in the range of
ng L~! (Wimmer et al., 2020). For CdTeNPs, the concentrations in the
aquatic environment are in the range of ng L. However, to the best of
our knowledge, there are no reference values for natural sediments.
Nevertheless, the ecotoxicological studies for the assessment of AgNPs
and CdTeNPs are in most cases in the range of pg L~ or even higher.

Living beings are not usually exposed to individual pollutants but to
a mixture of substances. The combined effect of contaminants, even if at
concentrations lower than those that individually produce toxicity, can
generate additive, synergistic or even antagonistic effects. Knowledge
about the effect of mixtures of metal ionic forms is very limited and
practically non-existent if they are in the form of nanoparticles.

Microbial communities form complex and highly connected net-
works that share and compete for metabolites, and sustain key services
of aquatic ecosystems, e.g., pollutant transformation or element cycling.
The abundance and diversity of organisms within a certain bacterial
community can vary across different temporal scales and in response to
biological, chemical or physical stimuli. Therefore, they are particularly
sensitive to anthropogenic pressures such as pollution (Wang et al.,
2021). While knowledge about the responses of microbial communities
to pollution has long been limited, this has changed in recent years due
to the implementation of next-generation sequencing. Metagenomic
identification of microbes can provide very useful insights not only
concerning the structure and phylogenetic biodiversity of the commu-
nity but also into its metabolic/functional potential (Hu et al., 2021;
Wang and Bao, 2022; Yang et al., 2022).

Similarly, understanding the toxicity of a chemical or a chemical
mixture regarding a whole ecosystem is much more complex, as not only
the physicochemical variables that affect the availability of the chemi-
cal/s must be considered but also the interactions between the various
compounds and those between the different organisms that are part of
the system. An approximation to tackle this complexity is using multi-
species/microcosm trials that resemble the environmental conditions in
wild ecosystems better.

A multispecies aquatic experimental set-up was designed to analyze
the effect of the exposure to Ag and Cd metals, both in their ionic and
nanoparticle forms, on the microbiota of aquatic sediments. The selec-
tion of these metals and nanoparticles containing them was considering
their occurrence in the environment and their toxicity such as antimi-
crobial properties which make them very relevant to know their impact
of environmental microbiome. By doing so, we addressed: (i) the effects
of the two forms of Cd and Ag in two different concentrations, one close
to environmental levels (Kennish, 2000) and another 10-fold higher, (ii)
the consequences of mixing the two metals in each of their forms, and
(iii) the differences between exposure to each of the metals, or to the
mixture of both, in their ionic form or in the form of NPs. The structure
of the sediment's bacterial communities, their diversity and richness,
and their potential functionality were determined using high-
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throughput 16S rDNA sequencing. Our final goals are to improve the
knowledge about the impact of pollutants in bacteriome structure and
function and the risk assessment of polluted aquatic environments.

2. Materials and methods
2.1. Design of the artificial aquatic microcosm exposure experiment

A multispecies/microcosm aquatic experiment was designed to
evaluate the response of an artificial ecosystem to the presence of metal
contaminants, Ag and/or Cd, either in their ionic or nanoparticle forms.
Exposure experiments were carried out during 7 days with individual
contaminants (Ag, Cd, AgNPs and CdTeNPs) and their binary mixtures
(Ag + Cd and AgNPs+CdTeNPs). Both for individual and mixture assays,
two different exposure levels were tested: 5 pg L™! close to environ-
mental levels, and a 10-fold higher dose (50 pg L™H (Fig. 1). All the
experiments were carried out at the specific facilities in the Institute of
Marine Sciences of Andalusia (ICMAN-CSIC) located in Puerto Real
(Cadiz, Spain). Fig. 1 shows a scheme of the design. Methacrylate cyl-
inders (120 cm height, 30 cm ©) filled with a sediment layer (10 cm) and
a 19 L seawater column were used. Seawater was collected from the Bay
of Cadiz (36°30'0.2,5" N, 6°15'26.6” W, Cadiz, SW Iberian Peninsula),
decanted for 24 h and 50 pm-filtered to eliminate coarse material in
suspension. Natural muddy sediments were collected from the Rio San
Pedro intertidal mudflat (36°32'00.1" N, 6°12'51.9" W, Cadiz, SW Iberian
Peninsula), sieved through a 2-mm nylon mesh to remove large detritus
particles and macrofauna, carefully homogenized and stored in darkness
at 4 °C until further use. Subsamples of sieved sediment were used for
geochemical characterization (humidity, organic matter content,
organic carbon content, and percentage of fine particles) and data for
each experiment are shown in Supplementary Table S1. Humidity was
measured using the weight loss at 100 °C over 24 h. Organic matter
content was estimated through calcination (loss of ignition) in a muffle
furnace at 450 °C over 24 h. Organic carbon content was determined
according to the method described by Gaudette et al. (1974), modified
by El-Rayis (1985). The fraction of fine particles was determined by wet
sieving with a 63-um mesh. Model aquatic organisms of different trophic
levels were selected for the experiments, two microalgae (Phaeodactylum
tricornutum and Nannochloropsis gaditana) at a density of 10* cells mL™;
Phaeodactylum tricornutum is a cosmopolitan species of temperate seas
(Bowler et al., 2008) and a standard for toxicity testing by ISO (1995).
The Nannochloropsis gaditana strain used in this paper (clone B-3, strain
CCMM 04/0201) was isolated from the Bay of Cadiz. There are no direct
data on the current abundance of either species in the Gulf of Cadiz, but
information on the abundance of small phytoplanktonic species in this
area (also using N. gaditana as a calibration species) can be found in Reul
et al. (2006). The crustacean (Artemia sp.) is a fairly common organism
in the estuaries and salt marshes of the province of Cadiz, although the
native species (Artemia salina) seems to have been replaced in recent
years by an invasive species (Artemia franciscana). Abundance data can
be found in Amat et al. (2005). Fifty organisms were selected for each
experimental cylinder. The bivalve mollusk (Scrobicularia plana) is
widely distributed in the southwest of the Iberian Peninsula, particularly
in the Bay of Cadiz, and lives on muddy sediments. This species has been
employed in monitoring activities and ecotoxicity tests (Freitas et al.,
2016; Mouneyrac et al., 2014; Solé et al., 2009). Fifteen specimens were
employed for each experimental condition. Artemia specimens and
microalgae were obtained from cultures maintained at the ICMAN-CSIC.
Clams (3.15 £ 0.63 cm shell length) were collected from the Rio San
Pedro intertidal mudflat (36°32'00.1" N, 6°12'51.9" W, Cadiz, SW Iberian
Peninsula) and acclimated for 7 days at the ICMAN-CSIC facilities (flow-
through seawater system, constant aeration, fed every 48 h with filter
feeder's food Tropic Marin Pro-Coral Phyton). The tanks were main-
tained with aeration, constant temperature and a 12-h light/dark
photoperiod. The physico-chemical parameters (pH, temperature, total
dissolved solids, conductivity and dissolved oxygen) were monitored
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Fig. 1. Experimental design of the artificial aquatic microcosms used in the experiments of exposure to pollutants under controlled conditions. A top view (A) and a
side view (B) of the tanks used. Each tank contains six individual cylinders, the composition of which is shown in more detail (C): three control cylinders not exposed
to pollutant (@), three cylinders exposed to 5 pg L™ (@) and another three cylinders exposed to a 10-fold higher dose (50 pg L™1) of the pollutant (@).

throughout the experiment and their average values are reported in
Table S2 in the Supplementary Material.

Clams (20 organisms/cylinder) and crustaceans (190 organisms/
cylinder) were added at the beginning of the experiment (day 0).
Microalgae were added to the microcosms (final density of 10° cells
mL’l) every 48 h (days 0, 2, 4 and 6) after being treated as follow: al-
iquots of both algal species (1 L for N. gaditana and 2 L for P. tricornutum)
were placed in spherical flasks and pre-exposed to the experimental
concentration of pollutants for 24 h on an orbital shaker (100 rpm)
under continuous white light (around 30 pE m~2 s™1) and 20 °C (flasks
without the pollutants were also set up as controls). After incubation, the
cellular density was determined in each flask and appropriate volumes
of each culture were centrifuged (Eppendorf model 5810R, at 3000 rpm,
4 °C, 20 min) to concentrate the algae (19-10° cells in approximately 5
mL) and then they were added to the microcosms. Aliquots (5 mlL,
19-10° cells) of exposed and non-exposed algae were collected to
quantify Ag and Cd, centrifuged to remove seawater and stored at
—20°C.

Each exposure experiment was carried out in independent tanks for
7 days before collecting the samples. Six sets of exposure experiments
were performed in separate tanks: three for the metallic ions, used
individually (Ag, Cd) or mixed (Ag + Cd), and three for their corre-
sponding nanoparticle forms (AgNPs, CdTeNPs and AgNPs+CdTeNPs).
Each tank contained 3 control cylinders and 6 cylinders for the exposure
to the selected contaminants: 3 exposed to the different contaminants at
5 ug L1, and 3 exposed to a 10-fold higher dose (50 pg L™1) (Fig. 1A).
The appropriate volumes of 1000 mg L™} stock (1000 mg L' in HNOg
0.5 mol L™ for ionic Ag and Cd; 1000 mg L™} in ultrapure water for
AgNPs and CdTeNPs; see Section 2.2 for the preparation of the nano-
particles stocks and their characterization), were added on days 0 and 5
to the experimental cylinders to reach the desired nominal

concentrations. Stock solutions of AgNPs and CdTeNPs were sonicated
(UP 200S Dr. Hielscher GmbH) for 10 min (cycle of 0.5 and frequency of
70 Hz) before the spiking of each system. Water samples were collected
on day O (before and just after spiking), and on days 1, 5 and 7. On the
fifth day, the system was re-spiked and water samples were collected just
before and after re-spiking. The samples were stored at —20 °C until
metal quantification. Additionally, water samples were collected on
days 0 and 7 for nutrient analysis.

At the end of each of the six experiments, samples were collected
from the three control replicates and the three tanks exposed to each of
the two doses of contaminant. For the current research, sediment sam-
ples were then collected in individual Eppendorf tubes and kept at
—80 °C until processed. Additionally, aliquots of the sediments were
stored (—20 °C) for geochemical characterization (humidity, organic
matter, particulate carbon, and percentage of particle <63 pm; the re-
sults are shown in Supplementary Table S2), as well as the quantification
of Ag and Cd.

2.2. Preparation and characterization of Ag and CdNPs

AgNPs (15 nm, US7140) in aqueous suspension were obtained from
US Research Nanomaterials. Powder of CdTe Quantum Dots (CdTeNPs;
1.5 nm diameter, emission wavelength at 510 + 5 nm) was purchased
from PlasmaChem GmbH (Berlin) and a 1000 mg L~ ! stock solution was
prepared using ultrapure water.

The particle size for AgNPs and CdTeNPs were analyzed in ultrapure
water and marine water by Dynamic Light Scattering (DLS, Zetasizer
Nano ZS90, Malvern Instruments, software version 7.10). The agglom-
eration of AgNPs and CdTeNPs in seawater after 24 h was assessed by
DLS (Zetasizer Nano ZS90) showing a change in the average particle size
(60 nm and 400 nm, respectively).
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2.3. Chemical analysis of sediment and water

The ammonium levels in the water samples were quantified ac-
cording to the Krom method (1980), and expressed as pmol L1,

The Ag and Cd concentrations in the sediment and water were
measured by ICP-MS (ICP-MS, Thermo Fisher Scientific™iCAP™ RQ
ICP-MS, Waltham, USA). The isotopes used for quantification were
107pAg and ''Cd both in sediment and water analyses, and Ag and Cd
standard curves were prepared in the same acid matrix used for the
samples.

The sediment samples (approximately 0.3 g of freeze-dried sediment)
were digested to solubilize the metals using microwave-assisted acid
extraction (3 mL HNOg3 65 %, 9 mL HCI 37 %, all Suprapur® quality by
Merck, Germany, microwave digester Start D Milestone, according to
the procedure described in Application Note HPR-EN-12 from the
manufacturing company). Before ICP-MS analysis, the digested samples
were made up to 50 mL with ultrapure water, filtered (Glass Fiber, 1 pm)
and then 10-fold diluted with ultrapure water to reduce acid content
(<2 %). Acid-digested blanks and certified reference material (MESS-3,
National Research Council Canada, NRCC) were run with each batch of
samples to check the accuracy of the analysis. The recovery with the
certified material was 89 % for Ag and 88 % for Cd. The concentrations
of Ag and Cd are expressed in pg g~ dry weight (dw). Water samples
both from the dissolved and nanoparticle assays, were acidified with HCI
(37 %, Suprapur®, Merck, Germany) 0.1 % (v/v) and diluted with ul-
trapure water by a factor of 20 prior to the ICP-MS analysis. For quality
control, blank of the analytical procedure were carried out. Concentra-
tions of Ag and Cd are expressed in pg L1,

The limits of detection (LOD) values were 1.55 ng g ' dw and 0.23
ng g~ ! dw, respectively, for Ag and Cd in the sediment analyses (for 0.3 g
of dry sample), and 0.0012 pg L™! and 0.0027 pg L2, respectively, for
the Ag and Cd in the seawater analyses.

Results for the analyses of the ammonium content in the seawater,
and the Ag and Cd concentrations in the sediment and seawater are
shown in Tables S4-S6.

2.4. DNA extraction and bacterial 16S rDNA sequencing

The commercial ZymoBIOMICS DNA Miniprep kit (Zymo Research)
was used for the extraction of DNA from the sediments, following the
protocol recommended by the manufacturer for soil samples. Two
hundred and fifty mg of sediment were used for each extraction. Cell
disruption of the microorganisms was carried out in a Disruptor Genie®
device (Scientific Industries) at 4 °C for 5 min at maximum speed. Once
the cells were lysed, the samples were centrifuged at 10,000g for 1 min
and the kit protocol was continued. The genomic DNA extracted was
eluted in a final volume of 50 pL. The DNAs isolated were quantified by
spectrophotometry and visualized on 1 % agarose gel to check their
integrity. Finally, before the 16S rDNA sequencing analysis, samples
were tested for amplification using bacterial 16S standard primers to
check that they had no PCR inhibitors.

High-throughput sequencing analyses of 16S DNA were performed to
identify the different bacterial taxa in the sediments. These analyses
were carried out at the Genomic Unit of the Central Service for Research
Support (SCAI) of the University of Cordoba (Spain) using the PGM Ion
Torrent system, their specific 16S™ Metagenomics Kit (Cat. No.
A26216, Pub.no MAN0010799, Thermo Fisher) and the Ion Reporter™
5.0 software Ion16S Metagenomic analyses module (Thermo Fisher,
https://www.thermofisher.com/). Analysis, annotation, and tax-
onomical assignment were implemented automatically using the
mentioned Ion Reporter Software. The length of the amplified fragments
varied between 230 and 251 bp, and the number of bases between
28,353,524 and 120,636,049. Those with a quality threshold higher
than 20 were selected, and ranged between 25,721,608 and
110,671,146. Finally, the number of reads was between 120,412 and
512,511. The results for V2, V3, V4, V6-7, V8 and V9 primers were
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analyzed independently, but as V3 always provided the largest and more
diverse taxa, they were selected for the taxonomy assignments.

2.5. Associations, hierarchical clustering, bacterial alpha-diversity, and
functional analyses

MetaboAnalyst5.0 (https://www.metaboanalyst.ca/) was used to
perform the statistical analyses to visualize and compute the associa-
tions between the different exposures and the variations in taxons. This
program offers several options to avoid bias since missing values could
alter the analysis, thus impeding data normalization. The default
method was selected. This option assumes that half of the minimum
positive value for each data set is the detection limit and replaces all the
missing and zero values by that number.

Variations in the abundance of the families when exposed to the
different contaminants were clustered using the Genesis package. To do
so, data were normalized by the Log, transformation, and the distance
measure employed was Pearson's correlation (Sturn et al., 2002).

Bacterial diversity of the sediments was determined calculating their
alpha-diversity, to evaluate the richness and uniformity of the microbial
populations at the family taxonomic level. The Shannon-Wiener (H') and
the Gini-Simpson (D) indices were applied to assess population richness
(abundance) (Campo and Duval, 2014), as follows:

H= - %xln%:fzpixlnﬂ-

D=1-) P?

where n; is the number of reads of the ith families; N is the total number of
all families in the sample and P; = n;/N.
Evenness was estimated by the Pielou index (J) (Thukral, 2017) as:

H H

" Hmax  InS
where S is the number of families that have been identified in the study
sample and H’max (InS) the maximum diversity expected.

In addition, a functional data analysis was carried from the meta-
genomic identifications, using the FAPROTAX software (Python). This
software associates the taxonomic categories with previously estab-
lished metabolic functions or others that are ecologically relevant. For
this purpose, FAPROTAX uses a database with the existing literature on
the different microorganisms, in such a way that it converts the taxo-
nomic profiles of the microbial community into putative functional
profiles (Louca et al., 2016). For this analysis, the cleaned sequences
from the 16S DNA sequencing were assigned taxonomy using the SILVA
database for bacterial 16S rRNA gene. A single FASTA file format was
obtained and used to create an OTU table, which included all the tax-
onomy information obtained from the sequencing process. Ecologically
relevant functions were then assigned to all detected OTUs.

2.6. Statistics

The GraphPad Instat (9.0.1, Dotmatics) program was used to analyze
the sequencing data statistically. Data were transformed by calculating
their binary logarithm (Logy), in order to apply parametric statistical
tests subsequently. Since zero values cannot be normalized, before the
analysis, any gaps were substituted with the number “9” as the lowest
detection limit of the technique is 10 identifications (Vanni et al., 2015).
The differences between the means were determined using the two-way
ANOVA statistical test, bidirectional analysis of variance, together with
the post hoc Tukey test with a 95 % confidence interval of analysis. Each
of the experiments involving exposure to contaminants was analyzed
independently: exposure to Ag, Cd, Ag + Cd, AgNPs, CdTeNPs or Ag +
CdTeNPs. The comparisons were: i) Exposure to 5 ug L1 of contaminant
vs. non-exposed sediments, ii) sediments exposed to 50 pg L7! vs.
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unexposed ones, and iii) exposure to 50 vs. 5 pg L™! of contaminant.

The calculated values for all the diversity parameters were statisti-
cally analyzed using a parametric t-Student test. The statistical signifi-
cance of the bacterial identification data and their alpha diversity
parameters is represented as: ns (not significant); one symbol, p < 0.05;
two symbols, p < 0.01; three symbols, p < 0.001.

3. Results
3.1. Characterization of aquatic medium and sediment

Low variability was observed in the physico-chemical parameters of
the aquatic medium throughout the experiments (Supplementary
Table S2). Temperature and pH were in the range of 17.47-21.74 °C and
7.28-8.28, respectively. Dissolved oxygen ranged from 5.19 to 6.52 mg
L7, The conductivity and total dissolved content in seawater ranged
from 46.58 to 58.76 mS cm ' and from 21.14 to 36.65 g L™}, respec-
tively. Data for the Ag and Cd concentrations in seawater for all the
assays are presented in Table S6. Metal baseline concentration were in
the range of 0.05-0.99 pg L™! and 0.00-9.01 pg L~ for Ag and Cd,
respectively. After the spiking, the concentration increased in seawater
(1.41-10.77 pg L} Ag and 2.81-6.37 pg L' Cd) for the 5 pg L™*
nominal concentration, and 18.50-75.99 pg L™! Ag and 29.54-58.42 at
50 pg L™, For NPs, the concentrations detected 30 min after spiking
were: 1.32-5.54 pg L™ Ag (exposed to AgNPs) and 1.01-9.87 pg L™ cd
(CdTeNPs) at the 5 pg L1 nominal concentration, and 19.82-62.35 pug
L~! Ag (AgNPs) and 12.59-26.79 pg L~ Cd (CdTeNPs) at the 50 pg L
nominal concentration. The Ag levels in the seawater decreased until
reaching a level like the controls or slightly higher depending on the
concentration, time and exposure conditions for the ionic and nano-
particulate metals. The concentration of Cd in the aqueous phase
dropped much more slowly than Ag concentration.

Sediment features presented little variation between the different
experiments: values for humidity, organic matter, organic carbon con-
tent and fraction of particles <63 pm were 53.42 + 3.00 %, 8.67 + 0.73
%, 2.75 £+ 0.22 % and 74.12 + 5.93 %, respectively (Supplementary
Table S1).

Results for the quantification of metals in the sediments from all the
assays are reported in Table S5. Ag was not detected in the controls (with
exception of the Cd assays where Ag at a concentration of 0.067 + 0.035
pg g~ ! dw was detected), whereas the concentration of Cd in the controls
from all the assays varied between 0.065 and 0.126 pg g~ dw.

Increased concentrations of both metals were recorded in the sedi-
ments which were higher at the higher exposure concentrations after 7
days of exposure to the metals. In the assays with metals in ionic forms,
the concentration of Ag was 0.146 + 0.100 pg g~ dw and 0.127 + 087
pg g1 dw, respectively, in the individual and mixture exposures to 5 pg
L7}, and 0.496 + 0.080 pg g~ ! dw (Ag individual assay) and 0.829 +
0.196 pg g~ dw (Ag + Cd mixture assay) in the exposure at 50 pg L 1. In
the sediments from the nanoparticle assays, Ag was only detected at the
highest exposure concentration (50 pg L1 (0.176 + 0.019 and 0.056 +
0.063 pg g~ ! dw, respectively, for the individual and mixture assays).

When Cd was present in the system, in ionic form and individually,
its concentration in the sediment after 7 days of exposure at 5 pg L™ was
very similar to the control (0.105 + 0.021 vs. 0.107 + 0.019 pg g~ ! dw);
however, the concentration in the systems spiked with 50 pg L™ was
approximately 2-fold higher than the control (0.211 + 0.077 pg g~! dw
vs. 0.107 + 0.019 pg g~ ! dw). The increase of concentration of Cd in the
sediment in the spiked systems was more pronounced in the dissolved
Ag + Cd mixture assays with a rise of 1.5-fold and 5-fold after exposure
to 5 and 50 pg L1, respectively, regarding the control. The Cd con-
centration in the sediment also increased when this metal was present in
the aquatic medium in the NP form, but less than when it was present in
the dissolved form. Additionally, increased Cd concentrations were
detected at higher spiking levels of the CdTeNPs: 0.099 + 0.017 pg g~ !
dw at 5 pg L™} vs. 0.134 + 0.020 pg g~ ! dw at 50 pg L1,
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3.2. Global bacteriome analysis

The effects of the exposure to silver, cadmium and their mixture,
both in their metallic (Ag, Cd and Ag + Cd) or nanoparticle (AgNPs,
CdTeNPs and AgNPs-+CdTeNPs) forms, were analyzed in a microcosmic
experimental set-up as described in the Material and Methods section. A
total of 813,497 identifications were obtained from the 3 exposure
conditions (0, 5 and 50 pg L) and the 3 replicates of the six experi-
ments: 431,188 for the three metallic ion exposures (Ag, Cd and Ag +
Cd) and 382,309 for the three exposures to the corresponding nano-
particles (AgNPs, CdTeNPs and AgNPs+CdTeNPs) (Table S7). Alto-
gether, the analysis identified 20 phyla. Proteobacteria was the most
common phylum accounting for >57.7 % of the identifications, followed
by Bacteroidetes (13.0 %), Cyanobacteria (10.5 %), Actinobacteria (7.1
%), Firmicutes (4.7 %), Chloroflexi (2.8 %), Spirochaetes (1.5 %) and
Planctomycetes (1.1 %). The rest of the phyla represented <1 % of the
total counts. Thirteen phyla were present in each of the six experiments
and those not common to all only contributed to 0.04 % of the total
counts (Table S7).

Family was the lowest taxonomic level without indeterminations,
and thus was selected for further analysis. One hundred and seventy-five
families were identified but only 22 were fairly abundant (>1 % of the
counts), and all together represented 81.6 % of the total bacteria iden-
tified (Table S8). Among these, Ectothiorhodospiraceae, Nostocaceae,
Flavobacteriaceae, Desulfobacteraceae and Rhodobacteraceae were the
most abundant, ranking from 11.3 to 7.2 % of the identifications.
Ninety-three of the most minoritarian families (<0.15 % total identifi-
cations) were not present in all six experiments.

3.3. Metal modulation of the bacteriome

The number of identifications associated with each phylum and their
distribution within each experiment (Ag, Cd, Ag + Cd, AgNPs, CdTeNPs
and AgNPs+CdTeNPs) was compared among the three conditions (0, 5,
50 pg L) (Fig. S1). Roughly, the different exposures did not affect the
relative abundance of each phylum under each experimental condition.
Proteobacteria was always the most abundant phylum in all the exper-
iments and under all the conditions. Nevertheless, there were slight
variations during the experiments, e.g., in the Ag + Cd experiment,
Cyanobacteria was the second most abundant phylum followed by
Bacteriodetes at the 0 and 5 pg L™! exposures, but this ranking was
clearly reversed when exposed to 50 pg L™! of the mixture, or some of
the less abundant phyla were only present under certain conditions
(Table S7). Nevertheless, none of the changes at this taxonomic level
were statistically significant and, thus, this encouraged us to investigate
the changes at the family level (Table S8, Table 1).

Statistically significant changes at the bacterial family level upon
exposure to the metal ions (Ag and/or Cd), and to the metallic nano-
particles (AgNPs and/or CdTeNPs) were analyzed using MetaboAnalyst
5.0 (Table 1, Fig. S2). The identifications at the family level were
compared in pairs within each experiment, always comparing a higher
concentration with a lower one: 5 vs. 0 pg L1, 50 vs. 0 pg L™ and 50 vs.
5 pg L™ (Table 1). Fifty-one families presented a total of seventy-nine
significant changes (Table 1). Most of these changes involved a reduc-
tion in the number of counts when the sediments were exposed to
increased Ag concentrations (22 decreases vs. 3 increases) and an in-
crease when exposed to higher concentrations of Cd or to the Ag + Cd
mixture (3 vs. 13 or 4 vs. 30, respectively). The exposure to nanoparticles
produced only four significant alterations: two increments associated to
the presence of AgNPs and two reductions when the sediments were
exposed to the mixture (AgNPs+CdTeNPs). No significant change was
observed for the exposure to CdTeNPs experiment (Table 1).

Significant changes related to the presence of nanoparticles were
produced only when the microcosms were exposed to the higher dose
and affected only two families: Caldilinaceae that increased moderately
(~4-fold) upon exposure to AgNPs, and Nocardiaceae that decreased



A.M. Herruzo-Ruiz et al.

Marine Pollution Bulletin 204 (2024) 116525

Table 1
Statistically significant changes found in sediments at the bacterial family level upon exposure to metals/metallic nanoparticles in a microscosm experimental setup.
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(AgNPs+CdTeNPs). Significantly, these families were not altered by the
presence of the corresponding metallic ions (Table 1).

On the other hand, many bacterial families presented significant
changes upon exposure to the metallic forms of Ag and/or Cd (Table 1,
Fig. S2). The Ag + Cd mixture experiment showed the highest number
(24) of families with significant changes, while 17 and 14 changed in the
presence of Ag or Cd, respectively. Furthermore, the extent of the
changes also varied widely, from the 93-fold increase in the number of
Peptococcaceae identifications when the sediments were exposed to Cd
50 pg L%, to the 12.5-fold decrease in Saprospiraceae counts when
exposed to Ag 5 pg L™}, both compared to their corresponding control.
The alterations in the bacterial communities when exposed to the
different metal ions were heterogeneous. Only Desulfuromonadaceae
was affected by exposure to the single and the combined metals, its
presence increased when exposed to Ag, but decreased when exposed to
Cd or Ag + Cd combined. The abundance of Moraxellaceae was altered
when exposed to the two metals individually but not to the mixture, and
again its level was decreased by Ag and increased by Cd. Spi-
rochaetaceae and Bacillaceae were affected by both the Ag and the Ag +
Cd exposures showing the same pattern, a reduction in the presence of
Ag, and an increase when the mixture Ag + Cd was present. Finally, only
Alcanivoracaceae showed significant changes after exposure to Cd and
Ag + Cd with similar levels of increase.

When the effects of the two concentrations were individually
compared to the unexposed sediments, most of the changes corre-
sponded to the 50 g L™! concentration of the metals. The lower levels of
the metals only altered 1 family after Ag exposure, 3 for Cd, and 2 for Ag
+ Cd, while the higher concentration affected 14, 2 and 14, respectively.
Also, low and high doses of the metals seem to have opposite effects.
With Ag, the exposure to 5 pg L™} significatively increased the Lach-
nospiraceae family but the exposure to 50 pg L™} provoked the decrease
of 13 families, with inhibition of up to 9-fold for Desulfuromonadaceae
and Patulibacteraceae. Cd and Ag + Cd mixture presented the opposite
behavior. Low Cd and Ag + Cd levels decreased the frequency of 3 and 2
families, respectively, being Campylobacteraceae the most affected with
an inhibition of >8-fold when exposed to the metal mixture. On the
other hand, high Cd and Ag + Cd levels triggered the increase of 2 and
13 families, respectively, with increments of up to 93-fold for Pepto-
coccaceae in the presence of Cd, and 17-fold for Flammeovirgaceae with

Surprisingly, despite the many changes associated with exposure to
Ag and/or Cd ions, the microbial diversity for none of the experimental
conditions analyzed, measured in terms of richness (Shannon-Wiener's
index, H; Gini-Simpson's index, D) or evenness (Pielou's method)
showed any statistically significant difference (Table S9). On the other
hand, although only one family was significantly altered upon exposure
to the combination AgNPs+CdTeNPs, the diversity of the bacteriome
decreased significantly upon exposure to the higher concentration of the
nanoparticle mixture, both in richness (H') and evenness (J) (Fig. 2).

The number of bacterial identifications in the different exposure to
metal experiments at the family level was used to perform a PLS-DA
analysis with MetaboAnalyst (Fig. 3). The sediments not exposed to
metals were separated completely from those exposed to Ag and/or Cd,
both in the metallic form (A) and as nanoparticles (B). On the other
hand, the sediments exposed to metal concentrations 5 and 50 pg L™?
overlapped in all six experiments. The greatest separation was generally
found between the exposure to the 5 pg L™} concentration and the
control that was not exposed to metals.

3.4. Trends in the bacteriome in response to the metallic forms of Ag and/
or Cd

While there were very few changes when the metals were added in
the nanoparticle form, many bacterial families were altered when
exposed to the metal ions Ag and/or Cd. Therefore, the relative abun-
dance of the families showing statistically significant differences upon
exposure to the metallic forms of Ag, Cd or Ag + Cd were used for a
cluster analysis using the Genesis algorithm to see if they followed
similar patterns (Fig. 4). The bacterial families from the Ag experiment
were separated into three different clusters but most of the taxa (16 out
of 17) followed trends I and II, as their abundance clearly decreased
upon exposure to the highest concentrations of the metal. On the other
hand, families from the Cd and Ag + Cd experiments were divided into
only 2 clusters, III and IV, with most of the families presenting their
highest levels at the highest concentration (50 pg L) used in this work
of Cd or of the Ag + Cd mixture. The 21 families that followed trend III
after exposure to the highest concentration of the mixture of Ag + Cd
should be highlighted because of their number. Of them, only Desul-
furomonadaceae (Cluster IV) and Alcanivoracaceae (Cluster III) showed
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Fig. 2. Diversity indices at the family level in sediments when exposed to increasing concentrations of the mixture of the metallic nanoparticles (AgNPs+CdTeNPs).
The Shannon-Wiener's (A) and the Pielou's indices (B) were determined as described in the Material and Methods section. Statistically significant differences are

indicated as: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

a similar trend when exposed to the highest Cd concentration. In
contrast, Desulfuromonadaceae (Cluster I), and Bacillaceae (Cluster II),
showed an inverse trend after exposure to the highest Ag concentration.

3.5. Functional changes in the bacteriome related to the presence of
metals

The influence of the metals on the functional changes of the bac-
teriome present in the sediments was evaluated by using the FAPROTAX
database. The species identified were assigned to 54 functional groups
(Table S10). Globally, the function with the highest number of bacterial
species assigned was “chemoheterotrophy” with 112 species followed by
“aerobic chemoheterotrophy” with 86, and “fermentation” and “nitrate
reduction” with 36 species each. “Chemoheterotrophy” and “aerobic
chemoheterotrophy” were also the functions with the highest counts
associated, 45,222 and 33,610, respectively. On the other hand, func-
tions such as “dark oxidation of sulfur compounds” and similar were
inferred from a small number of species (6-9) but had a high number of
associated identifications (~11,000).

To determine whether the presence of the different metals could
affect the metabolic capacity of the bacteriome in the sediments
analyzed, the abundance of the different species associated to the po-
tential functions by FAPROTAX was evaluated statistically by ANOVA
for each of the experiments (Fig. 5). Of all the six experiments, and in
agreement with the changes at the family level, only those exposed to
Ag, Ag + Cd and AgNPs+CdTeNPs showed significant differences in
their bacteriome associated functions when exposed to the different
doses of the metals (Fig. 5). The changes after exposure to Cd, AgNPs and
CdTeNPs were not statistically relevant. Some functions were merged by
integrating those performed by the same microorganisms to simplify
Fig. 5. Most of the changes occurred when the sediments were exposed
to the highest concentration of the metals (50 pg L™1). Further, in
agreement with the family abundance profiles (Fig. 4), the metabolic
potential associated with exposure to Ag was found to decrease at the
highest metal concentration, while the functional changes associated
with the presence of Ag + Cd increased greatly at 50 pg L' (Fig. 5).
Thus, the two common categories for both exposures “human associ-
ated/pathogens all” and “phototrophy” showed opposite patterns when
exposed to only Ag or to the Ag + Cd mixture. Processes related to

“nitrogen and sulfur metabolism” and to the anaerobic “respiration” of
different electron acceptors compounds (iron, fumarate, manganese,
sulfur and sulfate) were clearly inhibited when the sediments were
exposed to Ag, which may affect the biogeochemistry of these anaerobic
environments. “Animal parasites and symbionts” were also repressed.
On the other hand, “dark oxidation” of different compounds (hydrogen,
sulfur, sulfide and thiosulfate) is clearly promoted by the exposure to
combined Ag and Cd ions. Although only one family significantly varied
when the sediments were exposed to AgNPs+CdTeNPs (Table 1), several
potential functions were reduced at the highest dose of the mixture of
metallic nanoparticles (Fig. 5). The very significant inhibition of those
microorganisms related to the “fermentation” and anaerobic “respira-
tion” of several compounds (fumarate, sulfur, iron and manganese) is to
be noted, just as that which occurred after exposure to Ag. Other pro-
cesses such as “chemoheterotrophy” and “lithic” processes (ureolysis
and xylanolysis) were also negatively affected by the highest dose of the
NP mixture (Fig. 5).

4. Discussion
4.1. Dynamic of distribution of metals in the aquatic environment

The behavior of dissolved metals and nanoparticles in seawater is
conditioned by a wide variety of factors such as: the presence of ions
(Na™, Mg?*, CI” and SO% "), natural organic matter (NOM; fulvic and
humic acids) and substances produced by phytoplankton (poly-
saccharides, amino acids, etc.). Free Ag and Cd ions, the most bioavail-
able and toxic forms for many aquatic organisms, may adsorb onto
hetero-particles (NOM, clay or silt) or react with ions (particularly
with CI~ and SO3") to form stable compounds (AgCl,l{X, AgyS0y4, CACIT,
CdCly, etc.) that tend to settle in the sediment, thus producing a reduc-
tion of the ionic content in seawater and an increase in the concentration
of metals in sediments (Celis-Hernandez et al., 2022; Chronakis et al.,
2023; Zhao et al., 2013). On the other hand, metallic nanoparticles in
seawater are subject to various reactions, which is why they can be
found in this medium in different forms: homo (NP-NP complexes) and
hetero-aggregates (NP-NOM complexes) (with a high tendency to settle
in the sediment), free ionic metals (from dissolution processes) and
inorganic complexes (reaction with ions present in the seawater)
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Fig. 3. PLS-DA analysis of the bacterial families in the sediments when exposed to Ag (1), Cd (2) or to a mixture of Ag and Cd (3), both in the metallic form (A) and as
nanoparticles (B). The three experimental replicates were grouped using the supervised multivariate regression PLS-DA analysis performed with MetaboAnalyst 5.0
software. Sediments not exposed to the metals are represented in blue, while those exposed to 5 pg L™ and 50 pg L ™! metal concentrations are shown in red and in

green, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Chronakis et al., 2023; Li et al., 2020b; Rocha et al., 2015b; Wimmer
et al., 2020). The toxicity of the nanoparticles is related both to their
particulate and dissolved forms (Graves, 2022). The sedimentation
processes that occur for both ionic and nanoparticulate Ag and Cd
explain the decrease in the concentrations of both metals in seawater
and their accumulation metals in the sediments that was observed in our
experiments. Marine sediments act as a sink for metals but also as an
important source and exposure route to these contaminants for benthic
organisms, particularly microorganisms (Zhao et al., 2021). Through
processes such as the decomposition of organic matter and the dissolu-
tion of NPs-aggregates, Ag and Cd can be released to the surface of the
sediment and sediment pore water where they can interact with bacteria
and microorganisms by altering genetic, biochemical and metabolic
processes, microbial biomass and community structure (Abu Bakar
et al., 2022; Pan et al., 2022).

The simultaneous presence of species from different trophic levels
(algae, crustaceans and bivalves) in the microcosm has made it possible
to explore more complex relationships. Microalgae are known to accu-
mulate metals in both dissolved and nanoparticulate forms (Sendra
et al., 2017). Metals can be adsorbed on the surface of microalgae or
internalised (Levy et al., 2008). In both cases, they can contribute to
accumulation of metals to higher levels (e.g, crustaceans and bivalves)
through predation and trophic transfer (Babaei et al., 2022). Artemia sp.
can accumulate dissolved metals and metallic nanoparticles (Bhuva-
neshwari et al., 2018). Clams take up metals from food and water

(Kalman et al., 2014). At the end of the experiment, a clear accumulation
pattern (balance between uptake and excretion) was reported in the two
target tissues, the gills and the digestive gland, for single and mixed
metals. Nevertheless, the rate of accumulation depends on the metal
(Serafim and Bebianno, 2010) and, for nanoparticles, on their compo-
sition and their chemical behavior (Rocha et al., 2015a), as in some cases
no real accumulation is observed because they can be eliminated in a
significant way through faeces or pseudofaeces (Volland et al., 2015).

4.2. Analysis of the microbiome to monitor the wellbeing of the aquatic
environment

Current estimations predict that there are up to 10'2 species of
prokaryotes on Earth that control major biogeochemical cycles and
other essential functions (Averill et al., 2022; Locey and Lennon, 2016).
Microbial communities are influenced by anthropogenic activities,
exemplified by recent extinction and co-extinction processes linked to
current environmental changes that are leading to a decrease in global
diversity (Averill et al., 2022). Furthermore, changes in the abundance
of microorganisms are likely to be better bioindicators for subtle
pollution events than macroscopic species as they are more ubiquitous,
they are the first to encounter pollutants and they have quick population
dynamics. Thus, studying and understanding microbial changes due to
pollution is pivotal to prevent and to revert negative micro- and macro-
biological effects (Averill et al., 2022).
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As the vast majority of bacteria cells are unculturable, 16S rDNA
sequencing has proven to be a powerful tool in the study of the bac-
teriome from complex abiotic matrixes (see following references).

4.3. Changes in the structure and functionality of the bacteriome in
response to metals

Globally, the bacteriome described in this work is similar to those
from other worldwide coastal and riverine sediments, with Proteobac-
teria, Bacteriodetes or Cyanobacteria as the common abundant phyla
(Borsetto et al., 2021; Chen et al., 2022; Habibi et al., 2023; Mustafa
et al., 2016; Qiu et al., 2020; Yin et al., 2022; Zhu et al., 2022). We did
not detect any significant changes in the bacteriome of the sediments
analyzed related to Ag and/or Cd exposures at this taxonomic level.
Nevertheless, previous studies have observed that declines in: Nitro-
spirae, Actinobacteria, Verrumicrobia, Planctomycetesor Bacteriodetes
phyla were related to other metal contents, such as Hg, Cr, Pb, Ni, or Zn
(Li et al., 2020a; Qiu et al., 2020). However, these studies were per-
formed by analyzing field samples and could have been affected by
many other variables. Thus, the effects of Ag/Cd, both in their ionic or
NP forms, were evaluated at the family taxon level.

A global PLS-DA showed that changes caused by exposure to Ag and/
or Cd, both in their ionic or NP forms at the family level, could be used to
differentiate unexposed sediments to those exposed to any of the metals
clearly, even though the two doses used overlapped in their responses
(Fig. 3), suggesting than even small amounts of the metals could cause
alterations in the structure of the bacteriome of the sediments. Further,
the a-diversity of the communities was compared between metal/s
exposed and unexposed sediments to analyze the effects of the metals
globally (Campo and Duval, 2014; Thukral, 2017). A decline in an
ecosystems biodiversity is often related to negative consequences for its
functions such as production, efficiency in using resources, and nutrient
cycling (Xun et al., 2021). Surprisingly, although many families were
significatively affected by the presence of Ag, Cd or Ag + Cd ions, the
global a-biodiversity of the sediments did not change (Table S9), sug-
gesting that alterations among bacterial families compensate each other
and the global health of the bacteriome may not be impacted negatively.
A recent report has associated the presence of similar levels of Cd with a
decrease in the a-diversity of the bacterial community although the
study was made in a natural polluted environment containing several
metals and, thus, the interpretation of the results could be far more
complex (Yu et al., 2023). On the other hand, even though one signifi-
cant change was only found related to the presence of AgNPs-+CdTeNPs,
which was a decline in the Nocardiaceae family, the global a-biodiver-
sity of the community seems to be significatively diminished at the
highest dose used of the NP mixture (Fig. 2, Table S9). Nocardiaceae
members are widely distributed in aquatic and terrestrial habitats and
they are often related to the saprophytic digestion and recycling of
organic material (Goodfellow, 2014). This family belongs to the Acti-
nomyecetes, characterized by their ability to decompose a wide range of
substances, many of which are particularly important for the carbon
cycle, e.g., lignin, keratin or cellulose. Thus, a decrease in its abundance
could be related to a decrease in the chemoheterotrophic capacity pre-
dicted for AgNPs+CdTeNPs contaminated sediments (Fig. 5). Further-
more, several other functionalities were significantly altered upon
exposure to these NPs (Fig. 5), such as the fermentation and the
anaerobic respiration of several compounds, suggesting that small
changes in the abundance of certain families could accumulate and alter
the ecosystem's equilibrium, thus considerably affecting its health.

Several bacterial families were affected by the presence of the Ag
ions, most of them adversely, in agreement with the well-known
bactericide effect of silver (Wakshlak et al., 2015; Xu et al., 2021).
Both Ag ions and AgNPs are proven antibacterial agents. However, while
the toxicity of ions has been related to interactions with the envelop of
the bacterial cell, damage to biomolecules and the production of ROS,
the antibacterial mode of AgNPs has not been well defined yet (Kedziora
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et al., 2018). The Ag ions caused many more significant changes in the
bacteriome of the sediments analyzed in this work than the corre-
sponding nanoparticles. Seventeen families presented altered abun-
dances, and all but two were negatively affected by Ag (Table 1, Fig. 4).
This trend could be also observed in the predicted functionality of the
microbiome, with several functions clearly diminished when exposed to
Ag (Fig. 5). The reduction, when exposed to Ag, observed in the relative
abundance of sequences from the bacterial families: Bacillaceae, Clos-
tridiaceae, Erysipelotrichaceae, Moracellaceae or Spirochaetaceae re-
flects a decrease in the functions related to pathogens and parasites as
several members of these families are well-known pathogens to humans
and insects (Kaakoush, 2015; Karami et al., 2014; Mandic-Mulec et al.,
2016; Teixeira and Merquior, 2014; Wiegel et al., 2006). Exposure to Ag
was also associated with a decrease in several relevant metabolic func-
tions related to the anaerobic respiration of inorganic ions such as iron,
manganese, sulfate, sulfite, sulfur, nitrate, nitrite, etc. (Fig. 5), including
a 10-fold decrease in the abundance of the Desulforomonadaceae family
that can use a variety of compounds as electron acceptors and has an
important role in carbon cycling and global warming (Greene, 2014;
Katrin et al., 2012). For instance, the resulting biogeochemical metal
cycles associated with dissimilatory iron and/or manganese reduction
have a strong impact on many other elements including carbon, sulfur,
phosphorous, and trace metals (Lovley et al., 2004; Nealson and Saf-
farini, 1994). Of ecological relevance is also the use of nitrate as a ter-
minal electron acceptor, or dissimilatory denitrification, the main route
by which fixed nitrogen is returned to the atmosphere as N3 (Simon and
Klotz, 2013).

Although Ag nanoparticles are widely used for their antibacterial
properties, previous reports on their environmental toxicity showed
contradictory results, depending on the experimental conditions, e.g.,
concentration, exposure times, natural or artificial aquatic environ-
ments, presence of other pollutants, NP type, etc. (Jiang et al., 2017; Kusi
et al., 2020; Yonathan et al., 2022). In our case, exposure to AgNPs was
less toxic that to Ag, as it provoked little changes in the abundance of
families and did not alter the a-diversity of the bacteriome, in concor-
dance with most studies (Jiang et al., 2017; Yonathan et al., 2022).

Although a global cluster analysis of the families in the sediments
when exposed to the Cd and Ag + Cd ions showed similar patterns, the
taxons affected were not generally coincident (Fig. 4). Exposure to Cd,
particularly at the highest dose used, caused an increase in several
families such as: Alcanivoracaceae, Peptococcaceae, Thermoleophila-
ceae or unclassified Dehalococcoidia, that have been linked to several
diverse functions including chemoheterotrophic metabolism. However,
the FAPROTAX analysis did not predict any significant change in the
global potential functionality of the bacteriome. On the other hand,
exposure to the combination of Ag and Cd ions provoked the highest
number of changes at the family level in the bacteriome of the sedi-
ments, with 24 families affected, 21 of which increased in abundance.
Some of the increments were very prominent, with families such as
Desulfuromonadaceae or Xanthobacteraceae being >20-fold more
abundant in the sediments polluted by Ag + Cd. This could be related to
the significant increase in functions related to chemoheterotrophy or the
oxidation of hydrogen and sulfur compounds (Greene, 2014; Oren,
2014). Hydrogen-oxidizing bacteria are characterized by the use of
hydrogen as an electron donor coupled with the ability to synthesize
organic matter, through the reductive assimilation of CO, (Ananthara-
man et al., 2013). The sulfur oxidizing microorganisms also play an
important role in carbon sequestration (Hawley et al., 2014; Mattes
et al., 2013). Additionally, these microorganisms provide carbon to
motile eukaryotic organisms (e.g., bivalves, nematodes, flatworms, cil-
iates, etc.) through a symbiotic relationship in which the host provides
access to reduced sulfur sources (Dubilier et al., 2008; Mattes et al.,
2013). Also, a considerable increase in bacterial families that include
pathogens such as Bacillaceae, Piscirickettsiaceae or Spirochaetaceae
could be observed in the presence of the metals. Taken together, these
results suggest that the effects on the sediment microbiome of exposure



A.M. Herruzo-Ruiz et al.

to Ag and Cd are not merely summatory as their interaction may cause a
more complex response.

Finally, although AgNPs+CdTeNPs only caused significant changes
in the abundance of the Nocardiaceae family, essential functionalities
were significantly altered when exposed to these NPs, suggesting that
small changes could add up and alter the biogeochemical cycles in the
sediments. In this regard, it is worth noting the very significant decrease
in the anaerobic respiration of different compounds (iron, manganese,
fumarate and sulfur), which occurred after exposure to Ag.

5. Conclusion

This study explored changes in the abundance, composition, and
diversity of the bacterial communities from sediments within a micro-
cosm exposed to silver and cadmium, either individually or as a mixture,
in both their ionic and NP forms. Specifically, our results provided ev-
idence that: (1) AgNPs and/or CdTeNPs caused less significant family-
specific shifts in the sediment bacteriome than their corresponding
ionic forms; (2) nevertheless, the global a-biodiversity of the bacteriome
was reduced only when exposed to the AgNPs+CdTeNPs mixture, sug-
gesting that pivotal functional processes maybe compromised; (3) Ag
provoked a significant decrease in the abundance of several bacterial
families, and the potential functionalities associated to this bacteriome,
while Cd or the Ag + Cd mixture caused general increments in both
parameters; and (4) although AgNPs+CdTeNPs only significantly
affected the abundance of the Nocardiaceae family, the diversity and the
potential functionality of the sediments were compromised. When ap-
proaches such as these ones are applied to environmental problems, they
may help us to understand the feedback mechanism of microorganisms’
response to stressful changes in the aquatic/terrestrial environment
better, and thereby elucidate how their global functional processes can
be modified.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2024.116525.
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