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ABSTRACT: Most studies of bacterial exposure to environmental Chronic (AgNP)

contaminants focus on acute treatments; however, the impacts of

® ooe ® 0oe
single, high-dose exposures on microbial communities may not e ® OO .. o ® OO ..
readily be extended to the more likely scenario of chronic, low- .. oee®
dose contaminant exposures. Here, in a year-long, wetland ® g 00

mesocosm experiment, we compared microbial community ... @0

responses to pulse (single 450 mg dose of silver) and chronic _E
(weekly 8.7 mg doses of silver for 1 year) silver nanoparticle (Ag’ + ® coe
. « » : (] (]
NP) treatments, as well as a chronic treatment of “aged” sulfidized e ®©0 0
silver nanoparticles (Ag,S NPs). While mesocosms exposed to e O00
Ag,S NPs never differed significantly from the controls, both Ag° vie e® 00 B
NP treatments exhibited reduced microbial diversity and altered () e® 00 sensitive gxa

community composition; however, the effects differed in timing,
duration, and magnitude. Microbial community-level impacts in
the acute Ag’ NP treatment were apparent only within the first weeks and then converged on the control mesocosm
composition, while chronic exposure effects were observed several months after exposures began, likely due to interactive effects
of nanoparticle toxicity and winter environmental conditions. Notably, there was a high level of overlap in the taxa which
exhibited significant declines (>10X) in both treatments, suggesting a conserved toxicity response for both pulse and chronic
exposures. Thus, this research suggests that complex, but short-term, acute toxicological studies may provide critical, cost-
effective insights into identifying microbial taxa sensitive to long-term chronic exposures to Ag NPs.

B INTRODUCTION properties are likely due to a combination of cell membrane
Silver nanoparticles (Ag NPs) are commonly used in consumer disruption, reactionsmvlv;th cellular components such as DNA,
products, including textiles that resist odor-causing bacteria, and oxidative stress, " they have been shown to be toxic in a
plastic containers, and medical devices, largely due to their broad phylogenetic range of microbes; however, all bacterial
antimicrobial properties. As annual production of Ag NPs is taxa are not equivalently sensitive to Ag NP toxicity.' """
estimated to reach 250 tons in the United States and Europe Moreover, our ability to predict Ag NP impacts on the
alone,"”” these nanoparticles will inevitably make their way into environment is limited, as many microbial toxicity studies have

residential and industrial waste streams,™ with significant
environmental releases through wastewater treatment plant
effluent or land-applied biosolids.”* Previous investigations of
Ag NPs have observed toxicity across a wide range of
organisms, including reduced growth and germination rates

been conducted with pure cultures”'® or low-complexity

L13 and

communities under controlled laboratory conditions,
thus may not capture the diversity of microbial types and the

range of conditions present in complex, natural environ-

2 20,21
in plants,”é inhibition of photosynthesis in algae,7_9 and ments.

increases in shellfish oxidative stress biomarkers.'’ Studies

specifically focusing on microorganisms and microbial Received: November 25, 2018
processes have found that Ag NP treatments alter community Revised: ~ February 11, 2019
composition, lower community diversity, and reduce rates of Accepted: February 18, 2019
key biogeochemical processes.'' "> As Ag NPs’ antimicrobial Published: February 18, 2019
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Recent nanomaterial mesocosm experiments have increased
the environmental complexity of the systems examined, but the
short experimental duration or limited replication in li%ht of
high biological variability among replicate mesocosms™ can
prevent extrapolation to realistic environmental exposure
scenarios that include bioaccumulation and trophic transfer.”!
Additionally, many studies examine only freshly synthesized
nanoparticles when nanoparticle mobility and toxicity are
altered by interactions with organic material, organisms, and
anaerobic conditions.'”***> Moreover, microbial Ag NP
studies do not always agree on the specific taxa that increase
or decrease due to Ag NP treatment, 136 making it difficult
to draw general conclusions about the potential impacts of Ag
NPs on environmental microbiomes. Thus, despite the
extensive literature examining the environmental impacts of
silver nanomaterials, the predicted impact of these particles on
microbial communities in natural environments, specifically a
comparison of acute and chronic exposures, remains to be
determined.

Here, we use a replicated wetland mesocosm design to
compare changes in water column microbial community
composition in response to pulse and chronic silver nano-
particle exposures. This study contrasts “spill” conditions, e.g,,
Ag” NP applied as a single pulse dose of 450 mg of silver, with
environmentally realistic chronic loading”” (8.7 mg of silver
weekly for 1 year, total amount = 450 mg) of either pristine
(Ag® NP) or “aged” sulfidized silver nanoparticles (Ag,S NPs).
In anaerobic environments, Ag NPs are converted to less toxic
Ag,S NPs, which may represent a more realistic environmental
exposure route.””**® These mesocosms were followed over the
course of a year allowing for long-term exposure, variability in a
range of environmental parameters, as well as movement of the
nanoparticles through the ecosystem, and the microbial
communities in these treatments were compared by 16S
rRNA gene library sequencing. In the pulse mesocosms, we
anticipated a rapid microbial community change that would
gradually return to resemble the control communities
(resilience),”” while the chronic treatment microbial commun-
ities would more slowly diverge from the controls, likely with
reduced impacts on the microbial community composition in
chronic mesocosms treated with Ag,S NPs compared to those
dosed with Ag’ NPs.

B MATERIALS AND METHODS

Mesocosms. This study took place at the Center of
Environmental Implications of Nanotechnology (CEINT)
mesocosm facility in the Duke University Forest (Durham,
North Carolina, USA) from August 2013 to August 2014. The
overall design and construction of wetland mesocosms was
described previously:>**°7** a slant board mesocosm,
consisting of a permanently flooded aquatic zone (~610 L),
a transition zone, and an upland zone. The mesocosms were
filled on the same day with well water from the site. To
simulate dispersal and connectivity with a larger wetland
system, mesocosms were inoculated every 2 weeks with 250
mL of 200 ym filtered water from a local wetland, in periods it
was not frozen. To prevent mesocosms from freezing or
overflowing with spring rains, a heated greenhouse covered the
mesocosms from December 11, 2013, to April 29, 2014.
Organisms were added to or allowed to colonize the
mesocosms including Egeria densa (waterweed), Physella
acuta (pond snails), larval Libellulidae (dragonflies), Gambusia
holbrookii (Eastern mosquitofish), Corbicula fluminea (Asiatic
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clam), and Landoltia punctata (duckweed) starting 180 days
before the onset of mesocosm dosing.

Silver Nanoparticles (Ag NPs). Gum arabic-coated silver
nanoparticles were freshly synthesized by CEINT, with a mean
transmission electron microscopy-measured diameter of 3.9 +
1.7 nm (mean + SD, n = 159).”> These Ag’ NPs were then
sulfidized through exposure to thioacetamide,’ yielding
spherical particles of mean diameter 24.2 + 6.0 nm (mean +
SD, n = 155) with an X-ray powder diffraction (XRD) pattern
consistent with acanthite.”’ Particles were purified and
concentrated by diafiltration, and suspensions were periodi-
cally checked to confirm that no changes in particle size or
concentration had occurred during storage.

Experimental Treatments. A total of 12 mesocosms were
subjected to one of four treatments (three replicate mesocosms
per treatment): control without nanoparticles (Ctrl), pulse
zerovalent silver NPs (P-Ag” NPs), chronic zerovalent silver
NPs (C-Ag® NPs), and chronic sulfidized silver NPs (C-Ag,S
NPs) treatments from stock solutions of 1.96 g Ag L™ (Figure
S1). Prior to dosing, treatments were assigned so that variation
in environmental parameters (e.g., chlorophyll a) was
distributed across treatments. For the pulse Ag’ NPs treatment,
450 mg of silver as gum arabic-coated Ag NPs suspended in
mesocosm water was added on day 0 (August 13, 2013) evenly
across the aquatic portion of the mesocosm, resulting in an
expected initial concentration of 0.74 mg Ag L~'. This
treatment is intended to simulate a spill or sudden release of
large quantities of Ag NPs immediately upstream of a wetland
environment, similar to previous “pulse” studies.>’ In contrast,
chronic treatments represent gradual additions of a pollutant as
might occur downstream of a wastewater treatment plant”” and
consisted of weekly additions of 8.7 mg of silver as gum arabic-
coated Ag” NPs or Ag,S NPs were added to the mesocosm
water weekly for 1 year. Thus, despite differences in dosing
regime, over the course of the study, all NP treatments
received 450 mg of Ag NPs applied to the aquatic portion of
the mesocosm.

Sample Collection. Environmental metadata including
temperature and dissolved oxygen were collected as previously
described.”’ To measure total Ag, subsamples of whole water
were collected and acidified to 0.15 M HNO; to dissolve Ag,
which was quantified by inductively coupled plasma mass
spectrometry using an Agilent 7500cx.*” Silver concentration
data are presented as the time-weighted average, which is an
approximation of the average concentrations organisms are
exposed to over the course of each weekly addition.”” Briefly,
the method entails the averaging of the sum of the products of
the log transformed concentration data and the duration of
time between sampling points, which is then divided by the 7
days between each addition. To examine the microbial
community, the aquatic zone was sampled at least quarterly
from August 2013 to August 2014, with higher frequency
sampling during the first month (days 0, 1, 3, 7, 14, and 28), in
order to capture the anticipated rapid, transient responses to
nanomaterial additions. From each mesocosm, 300 mL of
water was collected from near-surface (~0.25 m depth) by
submerging sterile polypropylene bottles. Samples for flow
cytometry were fixed in the lab with net 0.5% glutaraldehyde
and stored at —80 °C until analysis. Microbial biomass was
collected from 250 mL of water on 0.22 ym Supor filters (Pall)
via gentle vacuum filtration upon return to the lab. Samples
were stored at —80 °C until DNA extraction.
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Table 1. Mean Weekly Water Temperature (°C) across All Treatments and Time Weighted Average Silver Concentration (g

L™) in the Mesocosm Water Column

week microbiome sample day(s) water temperature” (°C)
1 1,3,7 23.3 £ 0.7
2 10, 14 25.8 + 0.6
4 28 25.6 + 0.4
14 98 933 + 1.4
18 126 6.76 + 0.5
29 203 13.7 £ 0.4
39 273 23.1 = 04
47 333 264 + 0.6
52 364 25.7 £ 0.7

time weighted average Ag concentration” (ug L™")

pulse Ag® NP chronic Ag’ NP chronic Ag,S NP

463 + 130 726 £2 13.9 + 3.8
125 + 34 925 +29 16.1 + 4.3
747 £ 2.0 8.09 £ 2.2 12 £ 32
0.159 + 0.043 1.95 £ 0.53 13.5 + 3.7
0.25 + 0.068 9.01 + 24 11.6 + 3.1
0.0804 + 0.022 13.5 + 3.6 9.82 + 2.7
0.248 + 0.067 162 + 4.4 184 £+ 5.0
0.306 + 0.083 6.85 £ 1.9 102 + 2.8
0.0832 + 0.022 291 + 0.79 413 £ 1.1

“Silver in control mesocosms averaged 0.008 + 0.001 ug L™". “Data is presented as the average =+ standard error of the mean (temperature, n = 7;

time weighted average Ag, n = 3).

DNA Extraction and Sequencing. DNA extraction was
performed according to the manufacturer’s instructions
(Gentra Puregene kit; QIAGEN), with the addition of bead
beating for 3 X 30 s at 4800 rpm. The DNA concentration was
quantified with a nanodrop (Thermo Fisher). The V3—V4
region of the 16S rRNA gene was amplified and bar-coded
using primers targeting the bacterial and archaeal 16S rRNA
genes: 16S F V3, CCTACGGGNGGCWSCA, and 16S R V4,
GGACTACNVGGGTWTCTAAT.>*** PCR amplification
was carried out in a total volume of 20 yL containing 20 ng
of template DNA, 200 uM dNTPs, 2 mM MgCl,, 0.5 uM
primers, and 0.4 U of QS DNA polymerase (NEB). The PCR
thermocycling conditions were 98 °C for 30 s and 28 cycles at
98 °C for 10 s, 5S °C for 30 s, and 72 °C for 30 s, with a final
extension at 72 °C for 2 min. Triplicate reactions per sample
were pooled and gel purified. In total, 119 libraries were
sequenced on the Illumina MiSeq using the 2X 250 nt paired-
end protocol at Duke’s Genome Sequencing and Analysis Core
Facility. Sequences were deposited to NCBI's Sequence Read
Archive as Bioproject SRP132123.

Sequence Processing. Sequences were demultiplexed and
assigned to corresponding samples using CASAVA (Illumina).
Sequences were then processed in USEARCH v7.””** Briefly,
sequence reads were trimmed using a 10-nt running window
with a minimum mean Phred quality (Q) score of 30. Paired-
end reads were merged (=10 nt overlap without mismatches),
and the resulting contigs were quality-filtered to remove reads
with expected errors >0.5 or shorter than 400 nt. Sequence
contigs were then dereplicated, and singletons were discarded.
Contigs were clustered into operational taxonomic units
(OTUs) of at least 97% similarity using the centroid-based
clustering UPARSE-OTU algorithm™® with a pairwise identity
of 98.5% to the centroid. The OTU clustering step includes the
removal of reads containing chimeric models, and an additional
reference-based chimera filtering step was performed using
UCHIME"” with the ChimeraSlayer reference database version
microbiomeutil-r20110519, resulting in 2,523,559 total
sequences and 11,638 OTUs after processing. Libraries
contained between 9574 and 33,207 sequences; to control
for uneven sequencing effort, we normalized the data by
rarefaction to 9574 sequences per sample. Taxonomy was
assigned to the most abundant sequence in each OTU using
the Greengenes database (release 13 8), and the rRNA
operon copy number was corrected with CopyRighter."’

Flow Cytometry and Library Relative Abundance
Normalization. Microbial abundances were enumerated
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using a BD FACSCalibur Flow Cytometer. Samples for
quantification of phytoplankton used natural pigments, while
in quantification of total prokaryotes samples were first stained
with SYBR Green-L1."' One of the criticisms of 165 rRNA gene
libraries to examine changes in microbial communities is that
library relative abundance does not accurately reflect the
abundance of members of the microbial community. Here, we
attempt to correct for the impact abundance changes in one
population can have on the relative abundance of other taxa in
the same library by calculating an “absolute abundance” metric
for each OTU by multiplying the [total prokaryotic cells
mL '] by the [relative abundance in an rRNA operon number
corrected 16S rRNA gene library] to yield an “absolute
abundance” in cells mL™". While these numbers should not be
interpreted as true cell counts due to a number of biases and
limitations involved in both flow cytometry-based bacterial
enumeration and amplicon sequencing,”*~** they provide
additional context to changes in library relative abundances,
particularly when total cell abundances differ. In this study, a
decrease in absolute abundance strengthens our interpretation
of toxicity or direct negative responses to Ag NP treatment.
Statistical Analyses. Statistical analyses were performed
using the vegan package in R, unless otherwise noted. The
OTU absolute abundance table was log-transformed to reduce
the distortion due to sparse matrixes. In comparisons of
community composition, the homogeneity of data variance was
confirmed using the betadisper function. Community composi-
tional differences by treatment were compared using permuta-
tional multivariate analysis of variance (PERMANOVA,
adonis) on a Bray—Curtis distance matrix with 999 random
permutations, and when the results were significant (p < 0.05),
the post hoc Tukey HSD test was applied. Community
variance was visualized using weighted Bray—Curtis dissim-
ilarity via nonmetric multidimensional scaling (NMDS).
Identification of indicator taxa for each of the treatments was
performed using the linear discriminant analysis effect size
(LEfSe).* In visualizing this data, we normalized the average
absolute abundance within a treatment to the controls to
account for seasonal changes in the abundance of specific
OTUs (Figure S4). We statistically identified OTUs that were
differentially abundant compared to controls in the NP
treatments using DESeq2:*® absolute abundances for 97%
identity OTUs were adjusted with an added pseudo count of 1
to avoid excessive zeros inflating the model. Significant
differences were identified for comparisons with a minimum |
fold changel > 2, relative to the control mesocosms and a p
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value <0.05 (adjusted for multiple hypothesis testing using the
Benjamini—Hochberg method). Time-weighted average silver
concentration data were compared and standard errors
generated using the Ime4 and Ismeans packages, as described
previously.”” Time-weighted average concentration data were
fit to a generalized linear mixed effects model using the glmer
function with a gamma distribution for the family and a log
link with treatment nested within time and mesocosm as a
random effect.

B RESULTS AND DISCUSSION
Pulse Ag® NP (P-Ag® NP) Treatment. In this study, we

specifically contrast introduction of Ag’ nanoparticles as a
single large pulse with weekly chronic additions of Ag” NPs
and “aged” Ag,S NPs into replicated freshwater wetland
mesocosms (Figure S1). As microbial communities respond to
seasonal and episodic changes,42 we focus on comparing Ag
NP treatments to control mesocosms at each time point rather
than changes within a given mesocosm type over time. In this
experiment, the pulse Ag NP treatment caused rapid changes
in the mesocosm conditions, with high aquatic silver
concentrations (Table 1), reductions in dissolved oxygen
(Table S1, two-way ANOVA, days 1 and 2, p < 0.05), and
decreases in total prokaryotic cell concentrations (Figure 1A;
two-way ANOVA, days 3 and 7, p < 0.05). These results point
to a toxic response with the death of sensitive bacterioplank-
ton, concurrent with observed membrane damage in aquatic
plants.”® Both plant damage and microbial cell death likely
released organic matter which was degraded by the microbial
community, drawing down levels of oxygen (Table S1).
Overall, these results agree with those of a previous experiment
examining ecosystem responses to pulse doses of Ag NPs in
wetland mesocosms.”’ However, phytoplankton concentra-
tions (Figure 1B) did not decline following nanoparticle
dosing, as was observed in a previous experiment with an initial
silver concentration >3X higher of 2.5 mg L' as Ag NPs,*!
which may be due to the higher nanoparticle dose in the
previous experiment or differentially sensitive phytoplankton
communities.

Additionally, microbial community characteristics and
composition offer further insights into the toxicity of Ag
NPs. The pulse treatment microbial community exhibited a
rapid and dramatic response to Ag NP dosing, with a
statistically significant decrease in Shannon’s diversity (Figure
2, on days 1, 3, and 7), which apparently persisted (although
not at a statistically significant level) until day 28. This result is
consistent with the reduced diversity and evenness of microbial
communities reported previously following Ag NP treat-
ment.””*” However, the most dramatic response to Ag” NP
addition was in microbial community composition; P-Ag’ NP
mesocosm microbial communities statistically differed from
both the controls and the other NP treatments (Figure 3) and
separated from all other treatments in nonmetric multidimen-
sional scaling (NMDS) ordination (Figure S2) on days 1-7.
These microbial community differences between controls and
the pulse Ag” NP treatment were due to library dominance by
a single Flectobacillus operational taxonomic unit (OTU;
phylum Bacteroidetes, Figures S3 and S4), in agreement with
a previous study showing Bacteroidetes increased following Ag
NP additions."” Despite an overall decline in bacterioplankton
cell abundances at early time points in the P-Ag NP treatment
mesocosms (Figure 1A), the absolute abundance of this single
OTU in the pulse treatment was roughly 100X higher than
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Figure 1. Prokaryote and phytoplankton cell abundances in pulse and
chronic silver nanoparticle-dosed mesocosms. (A) Prokaryotic and
(B) phytoplankton cell counts in the aquatic portion of the
mesocosms over time. Numbers presented are mean =+ one standard
deviation (n = 3); lower error bars are not shown when one mean-
standard deviation <0. Ctrl, control (green); P-Ag, pulse Ag’ NP
(black); C-Ag, chronic Ag’ NP (gray); C-Ag,S, chronic Ag,S NP
(blue). Statistical comparisons using two-way ANOVA comparisons
between control and nanoparticle-treated mesocosms (n = 3); a red
asterisk indicates a statistically significant decrease for P-Ag
prokaryotic cell concentrations of days 3 and 7 (p < 0.05) relative
to the control. The day is relative to the onset of nanoparticle dosing
on day 0; the inset is used to show time points in the first month at
higher resolution.

that in the control mesocosms (Figure S4; Tukey HSD, p <
0.05). Pulse disturbances frequently enrich the microbial
community with resistant and/or opportunistic popula-
tions,””*” which are tolerant of the disturbance conditions,
and can ca:‘pitalize on resource availability or reduced
competition,” suggesting that this strain could be silver
resistant and/or make use of the disturbed conditions, for
example, organic matter release by dying organisms.
Although the dominant signal in the microbial communities
at these early time points was the dramatic increase of
Flectobacillus, it is important not to overlook the potential
indications of a toxic response (Figure 3). The pulse treatment
exhibited declines relative to the controls in taxa spread
throughout the phylogenetic tree (e.g., Actinobacteria,
Proteobacteria, Verrucomicrobia, and unicellular algae belonging
to the Cryptophyta), supporting previous conclusions that Ag
NPs are broadly toxic to microbes.”” By day 28, the initial
microbial community pulse response dissipated with no
statistical difference between nanoparticle treatments (pulse
Ag’, chronic Ag’, and chronic Ag,S) and the control mesocosm
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Figure 2. Shannon’s diversity of microbial communities based on 97%
identity 16S rRNA gene OTUs from the aquatic zone of nanoparticle
mesocosms. Ctrl, control (green); P-Ag, pulse Ag’ NP (black); C-Ag,
chronic Ag’ NP (gray); C-Ag,S, chronic Ag,S NP (blue). Statistical
comparisons using two-way ANOVA comparisons between control
and nanoparticle-treated mesocosms (n = 3) on specific days (a red
asterisk indicates p < 0.0S). The day is relative to the onset of
nanoparticle dosing on day 0; the inset is used to show data from the
first month at higher resolution.

communities (Figure 3). In summary, the pulse exposure,
which is commonly used in ecotoxicological studies, had a
dramatic but transient impact on the aquatic microbial
community. However, following this initial disturbed period,
the microbial community exhibited compositional resilience
within the first month, likely due a combination of factors

including removal of silver from the water column to below the
acute toxicity threshold through partitioning to the soil/
sediment or organisms (Table 1) ;*% transformation of silver to
less toxic forms (e.g., adsorption or complexation with organic
material, sulfur compounds, carbonate or halogens, reducing
toxicity*”*); and the spread of silver resistance genes through
the community. While water column silver declined in the
pulse treatment, weekly dosing of Ag NPs ensured that aquatic
silver levels in the chronic Ag’ and Ag,S treatments remained
fairly constant throughout the experiment with the potential
for toxicity to bioaccumulate especially at higher trophic levels
over time.

Chronic Ag® and Ag,S NP Treatments. Silver NP dosing
in the chronic Ag® (C-Ag® NP) and chronic Ag,S (C-Ag,S NP)
mesocosms did not produce the same rapid, dramatic response
to Ag NP exposure observed in the pulse treatment. Neither
chronic treatment exhibited significant differences compared to
the controls in dissolved oxygen levels or microbial cell
abundances (Figure 1, Table S1). However, these environ-
mental variables and total cell abundances are likely not as
sensitive as community composition in detecting responses to
anthropogenic pollutants.”’ Although we measured microbial
community parameters less frequently after the first month, for
all three samples from days 98—203, we observed that the
chronic Ag’ NP treatment altered both microbial community
composition and diversity compared to control mesocosms.
Mirroring the responses observed early in the pulse treatment,
the microbial community exhibited decreased diversity (day
203 only) and community composition was distinct from the
controls in both the PERMANOVA analyses (Figure 3) and
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Figure 3. Aquatic bacterial community composition in Ag NP mesocosms based on 16S rRNA gene libraries. Average relative abundance of taxa at
the phylum level for each treatment (n = 3 replicates per treatment), with phyla representing <1.0% of the libraries categorized as “Others”. For
each day, the treatments represented are as following: Ctrl, control; P-Ag’, pulse Ag’ NP; C-Ag’, chronic Ag’ NP; C-Ag,S, chronic Ag,S NP. Below
the bar graph, the communities in the treatments (pulse Ag’ NP, chronic Ag’-NP, and chronic Ag,S) are compared to the control mesocosm
communities using a global PERMANOVA based on Bray—Curtis, with a white box containing an asterisk underneath that day indicating
statistically significant (p < 0.05) differences between treatments. On days when there is a global treatment effect, Tukey’s post hoc test was applied
to evaluate each NP treatment against the control, with the box containing an asterisk underneath the day next to the treatment term indicating a
statistically significant difference from the controls (p < 0.05). A black box containing an asterisk indicates a statistically significant difference
between controls and the pulse Ag” NP treatment, while a gray box containing an asterisk indicates a statistically significant difference between the

controls and the chronic Ag0 NP treatment.
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Figure 4. Heatmap showing sensitive microbial taxa identified in pulse and chronic Ag® NP treatments. 97% rRNA gene OTUs that changed in
response to treatments were identified from periods when the community differed from the control (e.g.,, days 1—14 and 98—203 in the pulse and
chronic Ag” NP treatments, respectively) using DESeq2. The plot includes indicator taxa (marked with asterisks) that met the following criteria:
within the 20 most abundant taxa at that time point and DESeq2 identified a significant difference from the control for that OTU with a multiple-
hypothesis testing corrected p < 0.05 and a minimum lfold changel > 2, relative to the control mesocosms. OTUs are organized by hierarchical
clustering on the basis of their distribution patterns and plotted as log,(treatment/control), n = 3 per treatment. Greengenes-based taxonomic
classification of OTUs is truncated to the family level (or the finest level if family is not unassigned: o - order, f - family, g - genus, and s - species).
Potential bioindicators showing consistent statistically significant trends in both the chronic and pulse treatments are indicated by bold OTU and

taxonomic identification.

NMDS plots (Figure S2). However, C-Ag0 NP mesocosm
microbial communities again converged on the control
community composition by day 273 (Figure 3; Figure S2),
despite continued high aquatic silver levels (Table 1).*
Additionally, we never observed a microbial community-level
impact of Ag,S NP additions, supporting the concept that the
sulfidization process, which occurs in anaerobic, organic-rich
environments such as wastewater treatment plants and
wetlands,” likely significantly reduces the microbial toxicity
of Ag NPs. Thus, chronic Ag’ NP dosing exhibited later and
apparently longer-lasting changes in microbial community
composition compared to the pulse treatment.”

However, we questioned the mechanism(s) underlying the
timing of the C-Ag’ NP mesocosm community response (days
98—203), as these dates did not correspond to a peak in total
aquatic silver concentrations (Table 1) and the effect did not
persist throughout the remainder of the experiment (days
273—364). While microbial Ag NP toxicity is often attributed
to the production of silver ions, a previous experiment in
similar mesocosms observed rapid loss of dissolved aqueous
silver (which includes Ag*).” Moreover, there is not a simple
explanation of why Ag" would be expected to increase on days
98—203, as Ag NP dissolution rates would be predicted to
decrease during the low wintertime water temperatures (6—14
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°C) at these time points.”” Thus, we considered whether
chronic silver toxicity impacts may have been due to interactive
effects of multiple factors; multistressor research in toxicology
generally focuses on co-occurring pollutants but could also
include environmental factors. Due to the timing of effects and
corresponding environmental conditions (winter, water
temperature 6—14 °C, days 98—203; Table 1), and we
calculated a statistically significant interactive effect between
treatment and temperature (PERMANOVA, treatment:tem-
perature p = 0.036). Explanations for the observed winter
community changes in the C-Ag® NP treatments included low
temperature acting as a direct stressor on microbes due to the
thermodynamics of enzymes™ or differences between organ-
isms’ optimal temperature and environmental conditions; an
indirect effect on microbes mediated specific groups, e.g,
primary producers; or reduced sulfidization rates (detoxifica-
tion) at low temperatures. Alternatively, the microbial
community may respond slowly to Ag NP loading, but
resilience at later time points could be due to horizontal
transfer of silver resistance genes.”* To differentiate between
these possible drivers, we examined similarities and differences
in microbial community composition between the pulse and
chronic contaminant exposures.
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Comparisons across Dosing Scenarios for Sensitive
Taxa. If similar taxa exhibit a toxicity response (e.g., decline in
absolute abundance) for both pulse and chronic Ag’ NP
treatments, this would suggest the sensitivity of common taxa
in both exposure types is due to long-term exposure toxicity or
the combination of multiple stressors (likely temperature and
Ag” NPs) altering the community composition directly. In
order to identify Ag” NP responsive taxa, we examined the
dendrogram of microbial indicator taxa (Figure SS5) which
groups the initial pulse Ag’ NP samples (days 1—14) and the
intermediate period chronic Ag” NP samples (days 98, 126,
and 203), which is consistent with the timing of the NP
responses in Figures 3 and S2. These data suggest that, in spite
of seasonal community changes and dosing differences, there
are similarities early in the pulse treatment and at intermediate
time points in the chronic Ag” NP mesocosms, suggesting a
conserved response to pulse and chronic Ag NP exposures.
Then, to identify the specific taxa which respond to Ag NP
additions, we used DESeq2 to compare initial pulse Ag” NP
samples (days 1—14) and the intermediate period chronic Ag°
NP samples (days 98, 126, and 203) to the control mesocosms
at the same time point (Figure 4). While Figure 4 shows
widespread declines in the early pulse treatment samples, the
most interesting conclusion is that the seven OTUs with the
largest decreases in abundance (>10X) decline in both pulse
and chronic treatments (Figure 4, bold names), likely
indicating a common toxic response to pollutant exposure,
while taxa which increase relative to controls are not shared
between exposure types. In reference to the timing of the
microbial community response in the chronic treatment,
bacterial temperature optima are generally higher than
environmental conditions,”” suggesting that low temperature
may act as a stressor; alternately temperature may serve as a
proxy for “seasonal” factors influencing microbes, such as the
availability of photosynthetically fixed organic matter. Thus,
additional experiments will allow determination of how
seasonal effects influence microbial ecotoxicology at the
community level.

In addition to increasing our insights into potential
multistressor toxicity responses, Figure 4 offers a taxonomically
refined view of microbial community changes following
nanomaterial additions: in addition to Flectobacillus (OTU
1), the pulse treatment exhibits early increases in an OTU
belonging to the order Myxococcales (phylum Deltaproteobac-
teria, OTU 6790) and two members of the family
Oxalobacteraceae (Betaproteobacteria; OTUs 80 and 3S) on
days 1-7. In contrast, there was not a single OTU that
increased across all time points shown in the chronic
treatments or in both pulse and chronic treatments’ sensitive
periods (Figure 4). This data suggests that opportunistic taxa
which increase under disturbed environmental conditions may
not be good environmental contaminant indicators, as they are
likely capitalizing on the disturbed conditions but may also be
silver tolerant or resistant. In contrast, the toxic response is
shared for both treatment types, with large (>10X) decreases
in seven OTUs including members of the families ACK-M1
(phylum Actinobacteria; OTUs 4 and S), two members of the
family Microbacteriaceae (phylum Actinobacteria, OTUs 8 and
1872), Chthoniobacteraceae (Phylum Verrucomicrobium; OTU
19), Flavobacteriaceae (phylum Bacterioidetes; OTU 17), and
Oxalobacteraceae (phylum Betaproteobacteria; OTU 12).
Interestingly, taxa with the largest decreases (>10X) were
those that declined in both the pulse and chronic treatments
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(dark blue; Figure 4). In spite of these overall similarities, we
do observe specific OTUs, for example, chloroplast sequences
from the Cryptophyta (OTU 13) and OTU 5401 (BLAST:
family Comamonadaceae phylum Betaproteobacteria) that
declined significantly only in the initial P-Ag’ NP treatment
(Figure 4), potentially due to the very high silver concentration
immediately following dosing. Moreover, aside from the sharp
declines in Actinobacteria, likely Ag’ NP-sensitive taxa are
spread across common aquatic bacterial phyla, suggesting
toxicity responses occur at the OTU level, not at higher
taxonomic levels. As Ag NP exposure studies have been
conducted in a number of environments colonized by distinct
microbial communities, failure to account for OTU-level
differences in Ag NP sensitivity may explain “inconsistent”
reports of microbial toxicity.'""*~">'? Overall, although acute
toxicity studies have been criticized due to their lack of
environmental realism,”® declines in similar microbial taxa
across the pulse and chronic exposures suggest that we may be
able to identify bacterial Ag NP bioindicators with shorter-
term pulse experiments. However, it remains to be determined
whether this finding can be extended to other contaminants,
especially those which can be metabolized.

This experiment provides us with a unique opportunity to
compare microbial community changes to pulse and chronic
Ag NP pollutant exposures and may more broadly offer
insi§hts into microbial responses to environmental disturban-
ces.””*® While microbial community disturbance responses
have been studied extensively, as reviewed in Shade et. al,” few
well-replicated experiments have addressed both pulse and
chronic (or press in the ecology literature) treatments
simultaneously, allowing comparison across exposure types.
Our experiments revealed that, during the Ag’ NP sensitive
periods (days 1—14 in the pulse and days 98—203 in the
chronic treatments), Shannon’s diversity decreased (Figure 2)
and the Ag” NP mesocosm microbial communities diverged
from controls (Figure 3). Moreover, in spite of seasonal
changes in community composition, we observed similar Ag°
NP sensitive taxa in the initial time points of pulse (days 1—
14) and in winter samples of the chronic mesocosms (days
98—203). Although we value the insights obtained from long-
term, ecotoxicological studies to identify environmental
hazards from emerging pollutants, specifically for organisms
where trophic transfer and bioaccumulation are important,*”
practically, long-term experiments are not possible for all new
chemicals. Thus, at least for aquatic microbes where
bioaccumulation is low and community turnover is high,
short-term pulse experiments may be able to identify
contaminant-sensitive microbial populations and biogeochem-
ical processes. However, future experiments are required to
determine whether these results for Ag NPs can be extended to
other contaminant types and environments.
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