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Due to their strong antimicrobial activity, silver nanoparticles (AgNPs) are massively

produced, applied, consumed and, as a negative consequence, released into

wastewater treatment plants. Most AgNPs are assumed to be bound by sludge,

and thus bear potential risk for microbial performance and stability. In this lab-scale

study, flow cytometry as a high-throughput method and 16S rRNA gene amplicon

Illumina MiSeq sequencing were used to track microbial community structure changes

when being exposed to AgNPs. Both methods allowed deeper investigation of the

toxic impact of chemicals on microbial communities than classical EC50 determination.

In addition, ecological metrics were used to quantify microbial community variations

depending on AgNP types (10 and 30 nm) and concentrations. Only low changes in

α- and intra-community β-diversity values were found both in successive negative and

positive control batches and batches that were run with AgNPs below the EC50 value.

Instead, AgNPs at EC50 concentrations caused upcoming of certain and disappearance

of formerly dominant subcommunities. Flavobacteriia were among those that almost

disappeared, while phylotypes affiliated with Gammaproteobacteria (3.6-fold) and Bacilli

(8.4-fold) increased in cell abundance in comparison to the negative control. Thus, silver

amounts at the EC50 value affected community structure suggesting a potential negative

impact on functions in wastewater treatment systems.

Keywords: silver nanoparticles, wastewater microbial community, microbial diversity, single cell analysis,

microbial ecotoxicology, silver toxicity

INTRODUCTION

Silver nanoparticles (AgNPs) are incorporated into various consumer products due to their
efficient antimicrobial activity (Chen and Schluesener, 2008; Rai et al., 2009; Wijnhoven et al.,
2009; Marambio-Jones and Hoek, 2010). The global production of AgNPs has been estimated to
reach ∼800 tons by the year 2025 (Pulit-Prociak and Banach, 2016). Along with the increasing
production, the application and consumption of AgNP-containing products are known to result
in AgNP-release into wastewater treatment systems (Benn and Westerhoff, 2008; Voelker et al.,
2015) with up to 50 g/d being detected in the influent of full-scale municipal wastewater treatment
plants (WWTPs) (Li et al., 2016). The impact of the antimicrobial activities of silver on the structure
and function of microbial wastewater communities is under-investigated. This study wants to test
if AgNPs act on persistence of whole microbial communities, or selectively on certain cell types
thereby possibly influencing the water purification process.
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It has been shown that most of the silver in the WWTPs
will be captured and settled in the sludge (Hendren et al., 2013;
Barton et al., 2015; Oh et al., 2015). Field analyses of WWTPs
estimated that up to 95% of the silver was eliminated from
the wastewater by binding to sludge; and silver concentrations
in sludge between 1 and 6 mg/kg can be expected (Gottschalk
et al., 2009; Li et al., 2016). Batch studies confirmed also for
AgNPs (20 and 60 nm) at concentrations of 0.5–10 mg/L more
than 90% binding to sludge after a contact time of 6 h (Tiede
et al., 2010). Generally, sludge fromWWTPs is either incinerated,
applied in agriculture or deposited in landfills. According to the
European Commission1, more than 70% of the total volume
of treated sludge is still used in agriculture as fertilizer e.g., in
Portugal, Ireland, United Kingdom, andAlbania. Since the sludge
is recirculated several times within aWWTP before removal, with
retention times ranging from 5 to 27 d (Choubert et al., 2011;
Jelic et al., 2011) AgNPs embedded within sludge may represent a
considerable potential hazard for the activity of key species both
within the several operational steps in a WWTP and, later, in
agriculture due to their strong antimicrobial activity.

The negative effects of AgNPs on microbial organisms attract
increasing attention. On the lab-scale, pure-culture studies
mainly on Pseudomonas, Escherichia, Staphylococcus, and Bacillus
strains were performed to understand the action of silver ions
and AgNPs on bacteria (Kim et al., 2007; Yoon et al., 2007;
Jin et al., 2010; Suresh et al., 2010; Guo et al., 2017a,b). Toxic
effects of AgNPs have been related to cell membrane damage,
generation of reactive oxygen species, disruption of the function
of biomolecules such as proteins, enzymes, plasmids, and DNA
(Reidy et al., 2013; von Moos and Slaveykova, 2014). Silver ions
are now commonly believed to be the principle toxic agent over
AgNPs (Lok et al., 2007; Xiu et al., 2012; Bondarenko et al., 2013;
Visnapuu et al., 2013) which severely affect bacterial growth and
function. But AgNP-aggregates enhance this toxicity further since
they act as source for a steady release of silver ions into the
environment (Guo et al., 2017b). The stability and dissolution of
AgNP-aggregates and the resulting toxicity have been reported
to be strongly dependent on environmental conditions, such
as the ionic strength, the sorption of organic and inorganic
species and, therefore, on changes in oxidation and aggregation
states (Liu and Hurt, 2010; Xiu et al., 2011; Domingo et al.,
2019).

Apart from pure culture studies, microbial communities in
complex AgNP-affected environments such as WWTPs were
also investigated. In fact it has been reported that microbial
communities can serve as indicators for chemical pollution
as they are ubiquitously distributed and rapidly respond to
environmental disturbances by changes in taxonomic and
functional biodiversity (Pesce et al., 2017; Storck et al., 2018).
In AgNP-affected environments sequencing approaches are
commonly used to resolve microbial community structure
changes. But they are impractical for rapid and cheap

1http://ec.europa.eu/eurostat/statistics-explained/index.php?

title$=$File:Sewage_sludge_disposal_from_urban\protect\kern+.

1667em\relaxwastewater_treatment,_by_type_of_treatment,_2015_(%25_of_

total_mass)_V2.png

enumeration of time series as may be necessary for steadily
changing environments that are found in WWTPs. Instead, flow
cytometry and related bioinformatics tools have been proven as
powerful means for near on-line monitoring the performance
of wastewater treatment systems with high temporal resolution
(Günther et al., 2012, 2016; Koch et al., 2014). As a rapid,
low-cost, and on-site observation method, flow cytometry
measures light scatter and fluorescence characteristics of every
single cell in a community sample and allows the precise
quantification of cells with similar properties (Liu et al., 2018).
Therefore, in this study, flow cytometry was used to follow
dynamic changes of arising and disappearing subcommunities
to reveal diverging and segregated responses of microbial
communities to silver stress. In parallel, a selected cell sorting
of responding subcommunities and their meta-profiling of
the V3-V4 region of the 16S rRNA gene was undertaken
to identify phenotypes that might have been affected by
AgNPs. Two sizes of 10 and 30 nm AgNPs were chosen
for this study as they are among the most commonly used
sizes according to the AgNP-database of the Nanotechnology
Consumer Products Inventory (Vance et al., 2015). The study
is expected to give indications on toxicity of AgNPs on
microorganisms derived from wastewater and will discuss
possible consequences of changed community structures on
WWTP operation.

MATERIALS AND METHODS

Materials
Silver nitrate (AgNO3) (99.9%) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). AgNPs were provided by
nanoComposix (San Diego, CA, USA) as aqueous suspensions
[citrate coated, mass concentration (Ag) 0.02 mg/mL] of the
sizes 10 nm (9.4 ± 1.7 nm, AgNP-10) and 30 nm (32.7 ± 4.8 nm,
AgNP-30). The nanoparticles were stored at 4◦C in the dark.
Prior to use, vigorous shaking for 30 s was needed to obtain a
homogenous suspension. The size distribution and dissolution
of the two sizes of AgNPs have been analyzed and published
before (Guo et al., 2017b). The size distribution of AgNPs
was determined by using the DynaPro Nano Star (WYATT
Technology Europe, Dernbach, Germany). The dissolution of
ions from AgNPs was determined by separating them using
centrifugal ultrafiltration at 14,000 g for 20min through an Ultra-
0.5 Centrifugal Filter Unit with a nominal molecular weight
limit of 3 KDa (0.1 nm pore size). The silver ion amount
was measured by an Element XR Inductively Coupled Plasma
Mass Spectrometer (Thermo Fisher Scientific, Langenselbold,
Germany). It was found that AgNP-10 andAgNP-30 formed large
aggregates in the medium with diameters of 445 ± 58 and 473
± 65 nm, respectively; and 4.8 and 1.8% of dissolved silver ions,
respectively, within a time period of 12 h.

Experimental Setup
Wastewater was collected from an activated sludge basin at a full-
scale communal WWTP in Eilenburg, Germany (51◦27′39.4′′N,
12◦36′17.5′′E, ∼10,200 m3 wastewater per day, and water
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purification according to German Waste Water Ordinance–
AbwV, March 20172), fractionated and stored at −20◦C.
Medium composition is provided in Table S1. Experiments
were processed in 50-mL flasks with 10-mL medium in a
sequenced-batch cultivation mode. To start the experiments,
wastewater fractions from a given sample were slowly defrosted.
The operational steps were as follows: equal amounts of
these fractions were added to each flask at an initial optical
density of 0.09 (OD600 = 0.09, Ultrospec 1100pro, Amersham
Biosciences, Buckinghamshire, UK). The wastewater microbial
communities were exposed to 4 concentrations of silver (silver-
confined conditions): 0.1 mg/L AgNP-10 (low concentration,
LAg10) and 2.25 mg/L AgNP-10 (EC50Ag10), 7.13 mg/L AgNP-
30 (EC50Ag30) and 0.25 mg/L AgNO3 (silver ion positive
control, Pos). The concentrations of EC50Ag10, EC50Ag30
and Pos referred to determined EC50 values, which were the
effective silver concentrations causing half maximum growth
of Escherichia coli (Guo et al., 2017b). As a silver ion
negative control (Neg) a wastewater microbial community was
cultivated without any silver treatment (silver-free condition).
The sampling interval was 3–4 d over a time range of 24 d.
After each sampling, the wastewater microbial communities were
transferred to a new flask with fresh medium, respectively, by
repeating the same operational steps. The whole experiments
were performed twice in independent setups (Setup 1 and Setup
2). For each treatment per setup, triplicate experiments were
performed. All the data mentioned in the main text are from
Setup 1, and comparable data from Setup 2 are shown in the
Supplementary Materials.

Fixation Procedures
For each sampling, 4mL of the culture was harvested into a
glass tube and centrifuged (3,200 g, 20min, 15◦C). The cell
pellet was re-suspended in 4mL of 2% paraformaldehyde (PFA)
in phosphate buffered saline (PBS, compositions are given in
Table S1) for 30min at room temperature (RT), then centrifuged
(3,200 g, 10min, 15◦C). After removing the supernatant the cell
pellet was re-suspended in 4mL of 70% ethanol in distilled water
and stored at−20◦C until staining.

Staining Procedures
Fixed samples were diluted (0.6mL of fixed sample+1.4mL
of PBS) and ultra-sonicated (ultrasonic bath, Merck Eurolab,
Darmstadt, Germany, 35KHz at RT) for 10min before
centrifugation (3,200 g, 10min, 15◦C). The cell pellet was washed
once with 2mL of PBS (3,200 g, 10min, 15◦C). After removing
the supernatant, the cell pellet was ultra-sonicated again for
5min. Following, the cells were adjusted to OD700 = 0.035 with
PBS, and 2mL of the cell suspension was taken and centrifuged
(as before). Finally, the cell pellet was re-suspended in 1mL of
stock A (20min, at RT), centrifuged (as before), re-suspended in
2mL of stock B (overnight, dark, at RT) until flow cytometric
measurement. The compositions of stock A and stock B are
presented in Table S1.

2http://www.gesetze-im-internet.de/abwv/AbwV.pdf

Flow Cytometry Measurement
Samples were measured with a MoFlo Legacy cell sorter
(Beckman-Coulter, Brea, California, USA) which was equipped
with two lasers. The 488 nm laser Genesis MX488-500 STM OPS
(Coherent, Santa Clara, California, USA) at 400 mW was used
for measurement of forward scatter (FSC; bandpass filter 488 ±

5 nm, neutral density filter 1.9) and side scatter (SSC; bandpass
filter 488 ± 5 nm, neutral density filter 1.9, trigger signal), and
the 355 nm UV laser Xcyte CY-355-150 (Lumentum, Milpitas,
California, USA) at 150 mW for UV-induced fluorescence
(bandpass filter 450 ± 32.5 nm). Photomultiplier tubes were
purchased fromHamamatsu Photonics (Models R928 and R3896;
Hamamatsu, Japan). The fluidic system was run at 56 psi (3.86
bar) with sample overpressure at maximum 0.3 psi and a 70µm
nozzle. The composition of the sheath fluid is recorded in
Table S1. Daily calibration of the instrument was performed
linearly with 1.0µm blue fluorescent beads [FluoSpheres
(350/440), lot-no.: F8815] and 2.0µm yellow-green fluorescent
beads [FluoSpheres (505/515), lot-no.: F8827], both from
Thermo Fisher Scientific (Langenselbold, Germany). UV beads
[0.5 and 1µm, both Fluoresbrite BB Carboxylate microspheres,
(360/407), lot-no.: 552744 and 499344, PolyScience, Niles,
Illinois, USA] were used for calibration on the logarithmic
scale and were added to each sample for measurement stability.
A biological standard [E. coli BL21 (DE3), stationary phase
of growth curve (16 h cultivation time in LB medium),
fixed and stained as described before] was measured as a
biological adjustment. DNA-stained samples were measured
cytometrically as logarithmically scaled 2D-dot plots according
to DAPI fluorescence (DNA content) and FSC (cell size
related) information. For every 2D-dot plot 250,000 cells were
measured.

Cell sorting was done according to a standard protocol (Koch
et al., 2013). In short: each sorted sample was composed of
500,000 cells from the selected sorting gate. The sorting was done
in the most accurate sort mode of the MoFlo (single and one-
drop mode: highest purity 99%) at a rate not higher than 2,500
particles per second. Cells were harvested by a centrifugation
step (20,000 g, 4◦C, 25min), and the pellet was frozen at −20◦C
for later DNA isolation and 16S rRNA gene amplicon Illumina
MiSeq sequencing analysis.

Flow Cytometric Data Analysis
All cytometrically measured samples (Setup 1: 108 samples, Setup
2: 108 samples) were used to create the gate-template (34 gates)
valid for all communities analyzed in the study (Figure S1). All
the raw data are available at the FlowRepository3. Whenever
a new subcommunity became apparent, a gate was set. The
final gate-template was then applied to each sample to mirror
the community structure changes and extract individual gate
abundances. The flowCyBar tool4 was used to visualize the
cytometric community structure changes (Figure S2) by using
gate information of the silver-free and silver-confined samples
over a time range of 24 d.

3https://flowrepository.org/id/FR-FCM-ZYD7-8
4https://bioconductor.org/packages/release/bioc/html/flowCyBar.html
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Determination of Cytometric α-Diversity
and Intra-Community β-Diversity Values
The cytometric α-diversity calculated through gate-based Hill
numbers (Dq= 0) (Hill, 1973) has been proven to be a reasonable
and fast measure to follow the diversity’s richness in a community
(Günther et al., 2016; Props et al., 2016; Liu et al., 2018).
Only those subcommunities were counted that pass the average
cell abundance threshold of 2.9%. These subcommunities were
regarded as the dominant subcommunities (Liu et al., 2018).

Cytometric intra-community β-diversity values give
information on dissimilarity between sampling days and
indicate time-dependent influences of the silver derivatives.
Cytometric intra-community β-diversity values were calculated
by counting the number of subcommunities that were unique
between sampling days (Günther et al., 2016).

Sequencing Workflow
DNA Extraction
The selected samples for sequencing are listed in Table S2.
Unsorted samples (whole community samples) were diluted
in 70 µL PBS to a final OD700 = 0.01. Sorted cells (500,000
cells) from each gate of interest were pelleted by centrifugation
(20,000 g, 4◦C, 25min). The DNA was extracted according to the
protocol of Koch et al. (2013) and stored at −20◦C until library
preparation.

Library Preparation for Illumina®

The V3-V4 region of the bacterial 16S rRNA gene
region was the target of the used primers Pro341F 5′-
CCTACGGGNBGCASCAG-3′ (Takahashi et al., 2014) and
Pro805R 5′-GACTACNVGGGTATCTAATCC-3′ (Herlemann
et al., 2011) which were synthesized by Eurofins (Eurofins
Scientific, Luxembourg city, Luxembourg) as were also the
6-nt-barcoded primers for library preparation. The library was
prepared by using a two-step PCR procedure. Between and
after PCR steps, the amplicons were purified, their purity was
tested by gel electrophoresis, and finally quantified before they
were equimolarly pooled for sequencing by the Illumina MiSeq
platform. Details are provided in the sequencing workflow part
in the Supplementary Materials.

Sequencing Data Evaluation
The sequencing data evaluation was done by using the Mothur
program 1.39 (Schloss et al., 2009). The chimeras were removed
by using UCHIME (Edgar et al., 2011) and the OTU classification
was done by using the Mothur’s average neighbor clustering
algorithm with a 97% sequence similarity cut-off on the SILVA
database version 128 (Quast et al., 2013). The obtained data
sets were normalized by a subsampling procedure to 4,483
cleaned reads per sample. All the raw data are available under
the BioProject accession number: PRJNA400127. To ensure the
reliability of the sequencing and evaluation procedures, two
mock strains and a mock community (MBARC26), (Singer
et al., 2016) were included in the analysis. The sequencing
data evaluation comprised the set-up of an OTU threshold at
the level of 0.71% according to recommendations of Bokulich

et al. (2012). Details are in the sequencing workflow part in the
Supplementary Materials.

RESULTS

Fingerprinting of Silver Influenced
Wastewater Microbial Community
Structures
The aim of this study was to investigate if and to what extent silver
ions and nanoparticles influencemicrobial community structures
in WWTPs, and to track the microbial community structure
dynamics in response to these disturbances. AgNO3 and two
sizes of AgNPs (10 and 30 nm) at EC50 concentrations and below
were used as toxicants. Wastewater microbial communities were
grown in a sequenced-batch cultivation mode and their growth
dynamics were cytometrically analyzed by using the inherent
cell information on cell light scattering and cell DNA contents.
The dynamics of the five cultivated microbial communities in
the two independent setups are shown in the Movies S1, S2.
In the cytometric histograms, the cells with similar optical
properties clustered together as a subcommunity (technically a
gate). The positions and cell abundances of the subcommunities
in a histogram reflected the community structures (Koch et al.,
2013; Günther et al., 2016), and their relative changes were
documented over 24 d by means of biostatistic tools such as
non-metric multidimensional scaling (NMDS) plots based on
Bray-Curtis dissimilarity (stress of 0.12). The results are shown
in Figure 1. The inoculum of the WWTP derived community to
the sequenced-batch cultivation conditions caused an adaptation
in community structures, as was shown from the first to the
second sampling point, both under silver-free and silver-confined
conditions. Thereby, at low AgNP concentration treatment, the
community structures showed high similarities with those of
the negative control, and also with the positive control. In
contrast, AgNPs (10 and 30 nm) at EC50 concentrations indicated
different developments in community structures. Comparable
results for Setup 2 are presented in Figure S3. Therefore,
the EC50 concentrations of AgNPs (10 and 30 nm) can be
expected to impact the communities to a different degree in
comparison to the controls and the low AgNP concentration
treatment.

Yet, if the AgNPs affected all cells in a community equally
or acted selectively on particular subcommunities still remained
to be clarified. Therefore, trends of cell abundance variations
for each gate per treatment were estimated from 4 d (after the
adaptation) to 24 d, to mark the influenced gates (Figure 2
and Table S3). Typically, for the controls and the low AgNP
concentration, similar subcommunities (G8–G10) dominated the
whole communities. In contrast, at EC50 values of AgNPs (10
and 30 nm) the whole communities were dominated by other
subcommunities, e.g., G4 and G11. At the same EC50 values
of AgNPs (10 and 30 nm) decreases in cell abundances were
strong in some of the initially highly abundant subcommunities
such as G1–G3, and G6. The slopes (k) of trends per treatment
and gate, calculated for the time range from 4 to 24 d,
highlighted this development (Figure 2 and Table S3). For
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FIGURE 1 | Dynamic cytometric structure changes of microbial communities. Data are shown for Setup 1 for silver ion negative control (Neg), 0.1 mg/L AgNP-10

(LAg10), 2.25 mg/L AgNP-10 (EC50Ag10), 7.13 mg/L AgNP-30 (EC50Ag30), silver ion positive control of 0.25 mg/L AgNO3 (Pos) (Bray-Curtis dissimilarity, stress:

0.12). Three parallel experiments were performed and shown in light, middle, and dark colors: green for Neg, pink for LAg10, red for EC50Ag10, blue for EC50Ag30,

gray for Pos. The cytometric microbial community of each sampling day is shown as a dot and the dot size increases with increasing sampling time from 0 to 24 d. All

five conditions are shown together in the sub-figure at the bottom-right. Comparable data for Setup 2 are shown in Figure S3.
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FIGURE 2 | Trends in cell number increase or decrease per treatment and gate from 4 to 24 d for Setup 1 (inoculum of 0 d is excluded). The trends are estimated for

all treatments and their respective triplicates: silver ion negative control (Neg), 0.1 mg/L AgNP-10 (LAg10), silver ion positive control of 0.25 mg/L AgNO3 (Pos), 2.25

mg/L AgNP-10 (EC50Ag10), and 7.13 mg/L AgNP-30 (EC50Ag30). The slope (k) of each trend is given in Table S3.

example, the EC50Ag30 k-values were for G1: −0.21, G2: −0.37,
G3: −0.25, and G6: −0.75. Contrarily, cell abundances increased
for G4 from 3.1 ± 0.1 to 46.5 ± 23.8% and for G11 from
0.8 ± 0.1 to 8.3 ± 4.8% (with k-values of 0.92 and 0.31,
respectively) within 20 d under EC50Ag30 treatment. These data

indicate that AgNPs at EC50 values selectively affect specific
subcommunities.

Further, the effect of each treatment on the cells was
calculated by using Spearman’s correlation coefficients
(rho). Only correlations with rho ≥ | 0.4 | were regarded
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as strong (Table S4). For the controls and the low AgNP
concentration treatment, the dominant gates G8–G10
showed always strong positive rho values. Instead, under
EC50AgNP treatments, other subcommunities emerged
(G4 and G11) with solid positive rho values. Contrarily,
under the same conditions, G3 was one of those gates
that lost cell numbers during EC50AgNP treatments which
is verified by highly significant and strongly negative rho
values.

Diversity Values of Microbial Communities
Influenced by Silver
Since AgNPs at EC50 values led to more distinct community
structure changes, their influences on the community diversity
were further investigated via two ecological metrics based on the
cytometric gate information: cytometric α-diversity and intra-
community β-diversity.

The cytometric α-diversity values were constant between 6
and 9 for the silver-free and silver-confined samples over 24
d (Figure 3A). However, the cytometric intra-community β-
diversity showed obvious fluctuations. Highest values were found
after 4 d (values between 7 and 8) for all silver-free and silver-
confined samples, which implied an adaptation process from
the wastewater inoculum to the sequenced-batch cultivation
conditions (Figure 3B). Afterwards, the negative and the positive
controls and low AgNP concentration treatment showed a stable
intra-community β-diversity (values between 1 and 4). Instead,
AgNPs at EC50 values caused higher intra-community β-diversity

variations (values between 2 and 8), which suggested serious
community differences between sampling days.

By choosing a lower threshold of 0.71% to determine Hill
number Dq=0, which was adjusted according to the threshold set
by the 16S rRNA gene amplicon sequencing data, the cytometric
α-diversity and intra-community β-diversity values showed the
same trends (Figures 3C,D). Although more subcommunities
were included in the richness analysis (values between 16 and 21)
(Figure 3C) in comparison to the higher average cell abundance
threshold per gate of 2.9%, the general trend in community
behavior did not change.

In addition, the production of biomass, measured by OD600,
was significantly decreased at EC50AgNP treatments by a factor
of 2.2 (EC50Ag10) and 2.9 (EC50Ag30, Figure 3E) when being
compared to the negative control. In contrast, low AgNP
concentration treatment (factor 1.2) and the positive control
(factor 1.0) did not cause huge reduction in biomass. Comparable
results for Setup 2 are presented in Figure S4.

16S rRNA Gene Amplicon Sequencing to
Confirm the Flow Cytometric Data
To confirm the cytometric results of whole microbial community
structure changes caused by AgNPs at EC50 values, selected
samples from Setup 1 were further identified by using 16S
rRNA gene amplicon sequencing. Therefore, samples were
chosen from 7 d, where the adaptation of the microbial
community to the new condition was solid, and from 24 d,
where the treatment with AgNPs was the longest. To identify the

FIGURE 3 | Cytometric diversity metrics (A–D) and biomass production (E). Data are shown for Setup 1 for silver ion negative control (Neg), 0.1 mg/L AgNP-10

(LAg10), 2.25 mg/L AgNP-10 (EC50Ag10), 7.13 mg/L AgNP-30 (EC50Ag30), silver ion positive control of 0.25 mg/L AgNO3 (Pos). (A) Cytometric α-diversity values

(threshold of 2.9%), (B) Cytometric intra-community β-diversity values (threshold of 2.9%), (C) Cytometric α-diversity values (at lower threshold of 0.71%), (D)

Cytometric intra-community β-diversity values (at lower threshold of 0.71%). Error bars are sample standard deviations from three parallel experiments. Comparable

data for Setup 2 are shown in Figure S4.
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FIGURE 4 | 16S rRNA gene amplicon sequencing of 15 samples including 8 whole community samples and 7 sorted subcommunities. Data are shown for Setup 1.

The 8 whole community samples included inoculum, silver ion negative control (Neg, 7 and 24 d) and 0.1 mg/L AgNP-10 (LAg10, 7 and 24 d), silver ion positive

control (Pos, 24 d), 2.25 mg/L AgNP-10 (EC50Ag10, 24 d), 7.13 mg/L AgNP-30 (EC50Ag30, 24 d). The 7 sorted subcommunities included the dominant G13 in the

inoculum, the positive correlating G4 and G11, and negative correlating G3 with the duration of silver exposure. Each class above a threshold of 0.71% is presented by

a color. The rarefaction curve inside each histogram represents the number of genera. Details of class and relative genera list with abundances are shown in Table S5.
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species of subcommunities that strongly responded positively or
negatively to AgNPs at EC50 concentrations (Figure 2, Table S4),
subcommunities G4, G11 and G3 from 24 and 7 d were sorted
and sequenced. For each sequenced sample, one of the triplicates
from either the silver-free and silver-confined batches was chosen
as is described in Table S2.

The bacterial compositions of sequenced samples are
presented in Figure 4. The community’s diversity was resolved
at the class level. Their diversity decreased due to the adaptation
from the wastewater inoculum (12 OTUs above threshold of
0.71%, sample Inoculum_2) to batch cultivations (4–7 OTUs
above threshold of 0.71%, samples on 7 and 24 d, Figure 4),
which, however, remained constant as was shown by the
cytometric α-diversity (Figure 3C).

Similar to the cytometric data, the sequencing data revealed
changes in microbial community structures. The wastewater
inoculum represented unique phylotypes (e.g., Acidimicrobiia,
Blastocatellia, Cytophagia, Chlorobi, Ignavibacteria, Nitrospira,
Saccharibacteria), which were absent during the sequenced-batch
cultivation mode. G13, which was only highly abundant (9.8 ±

0.9%) in the inoculum, was sorted and sequenced and found
to be dominated mostly by Acidimicrobiia (22.3%). Instead,
the negative control and the sample treated by low AgNP
concentration showed microbial community compositions that
were different from the inoculum but similar among themselves
on 24 d. Both samples were dominated by Flavobacteriia
of 71.1 and 57.0%, respectively. The positive control was
occupied by Gammaproteobacteria of 65.9%. The decrease
of Flavobacteriia and increase of Gammaproteobacteria was
also found by the EC50AgNP treatments: the Flavobacteriia
decreased to 32.9% (EC50Ag10) and 0.0% (EC50Ag30), and the
Gammaproteobacteria rose up to 40.3 and 48%, respectively
(3.0- and 3.5-fold higher than the negative control on 24 d).
Additionally, Bacilli were found with cell abundance rising
up to 31.3% at EC50Ag30 treatment (8.4-fold higher than the
negative control on 24 d). In this treatment, Bacilli were the
main phylotypes in the sorted gates G4 and G11 with up to
91.4 and 95.4%, respectively. In the negative control these gates
contained the Bacilli phylotype to only 40.0%. Instead, the sorted
G3 contained Flavobacteriia with up to 80.1%.

DISCUSSION

The aim of this work was to study the impact of AgNPs on
microbial community structure and dynamics of wastewater
systems by using dense-sampling high-throughput flow
cytometry and selected 16S rRNA gene amplicon sequencing.
The cytometric results suggested that the investigated wastewater
microbial communities tolerated low AgNP concentrations and
the silver ion concentration of the positive control (AgNO3). The
relative diversity was not affected, and the biomass production
was reduced by not more than 19.9% (low AgNP concentration
treatment). Contrarily, AgNPs at EC50 values led to clear changes
in cytometric community structure, which were obvious since
certain subcommunities became dominant, and a biomass
loss up to 65.1% (EC50Ag30) was found in comparison to the

negative control. This higher toxicity of AgNPs at EC50 values
may originate from their assembly to aggregates which present
potential long-term sources of silver ions and thus an enduring
toxic effects in comparison to the steady level of silver ions in
the positive control (AgNO3) (Guo et al., 2017b). The two sizes
of AgNPs at EC50 values showed no effects on cytometric α-
diversity values but comparable biomass reduction on wastewater
microbial communities. This could be due to the similar amount
of dissolved silver ions from the two sizes of nanoparticles
at EC50 values as was discussed earlier (Guo et al., 2017b).
Instead, the cytometric intra-community β-diversity values
varied between EC50Ag10 and EC50Ag30 concentrations. As the
complex wastewater community succession was not synchronous
between the different treatments, it can be suggested that the
species replacement was divergent and therefore their responses
different.

Despite the profound loss in biomass caused by AgNPs at
EC50 concentrations, some phylotypes persisted. On the one
hand, this persistence may contribute to an intact functionality
of the wastewater microbial community since functions are
usually redundant (Liang et al., 2010). On the other hand in
this study phylotypes that were found to be persistent may
present potential problems to the ecosystems. Bacilli were
found to dominate the whole community with up to 31.3%.
The subcommunity G4 seems to be a marker gate for this
class. Bacilli and Gammaproteobacteria which also increased
proportionally in comparison to the negative control are known
to potentially serve as reservoirs of antibiotic resistance genes
(Xiong et al., 2015). It has been reported that heavy metals,
such as silver, can promote the selection and enrichment of
antibiotic resistance genes (Gullberg et al., 2014; Chen et al.,
2015; Li et al., 2017), and silver resistant genes that encode
and induce efflux mechanisms have been found in members
of the class Bacilli and Gammaproteobacteria (Babu et al.,
2011; Sütterlin et al., 2014). Such mechanisms may support the
persistence of Bacilli and Gammaproteobacteria and contributed
to their dominance over other species by EC50AgNP treatments.
Furthermore, many members of Bacilli are known to be able to
form spores when the environment is not supporting growth.
These spores are extremely resistant to most environmental
stress factors. They have little or no metabolic activity and
thus are considered as dormant. The dormancy state could
last until the environmental conditions can be tolerated by the
microorganisms and growth is possible again (Setlow, 2014). It
is suggested that tolerant/resistant species are bound to increase
in cell numbers by outcompeting sensitive ones in natural
communities (Xavier, 2014), an event that was also found for
the Bacilli and Gammaproteobacteria in our sequenced-batch
grown wastewater communities. Many well-known pathogens
are included in both classes of bacteria, e.g., Bacillus anthracis, the
cause of anthrax (Spencer, 2003), and Acinetobacter (Table S5)
as an opportunistic pathogen affecting people with compromised
immune systems (Antunes et al., 2014).

However, the loss of phylotypes was also detected, like
Flavobacteriia, which is the predominant class in Bacteroidetes
phylum from the sequencing data set. This class dominated in
the negative control but decreased in cell abundance in the other
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setups, especially in EC50Ag30 treatment. The subcommunity
G3, although showing generally low cell abundances, seems
to be a marker gate for this class. Flavobacteriia are usually
widely distributed in soil and water. It has been reported that
Flavobacterium sp. supported granule formation in activated
sludge due to the production of extracellular polymeric
substances (Li et al., 2014). The proportional decrease of
Flavobacteriia might therefore lead to a loss in the stability
of the sludge. This finding is consistent with other published
results which showed that Bacteroidetes are especially affected
by nanoparticles. They are present mainly on the surface of
granular sludge or sediment and can, therefore, be easily targeted
by AgNPs (Sun et al., 2013; Yang et al., 2016).

Notably, the proportional loss or increase in cell abundance
in specific gates and thus their contribution to the whole
community fingerprint are sensitive indicators for non-toxic
or toxic environments to microbial communities. The use of
ecological metrics allowed a fast, continuous and cost-effective
screening of the microbial community dynamics which enabled
to uncover subcommunities that may serve as indicators for
toxic situations. By cell sorting and sequencing of respective
gates, the phylogenetic affiliation of the contained members was
resolved and, in a future step, subcommunity metagenomics may
help to reveal e.g., possibly involved resistance genes. Therefore,
this high-throughput technique improves environmental risk
assessment andmay assess toxic concentration levels e.g., of silver
on natural or managed microbial communities, as was done in
this study, in a more profound way than classical measurement,
e.g., EC50 determination will allow.
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