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Environmental significance

Gut-microbial adaptation and transformation of
silver nanoparticles mediated the detoxification of
Daphnia magna and their offspring+

Yingdong Li, @3 Wen-Xiong Wang @ *< and Hongbin Liu*2°<?

Despite extensive studies on the toxicity of antibacterial silver (either ionic Ag* or nanoparticles — AgNPs) at
the cellular or organism level, little is known about the differences in toxicity at the community level,
especially regarding the gut microbiota. In the present study, we applied 16S rRNA sequencing,
metatranscriptome sequencing and gut microbiota transplants (GMTs) to investigate the gut-microbial
adaptation and transformation of different silver (Ag) forms over 4 generations of exposure of Daphnia magna
to environmentally relevant concentrations of Ag* and AgNPs. Our results demonstrated that the gut-
accumulated Ag* and AgNPs were transformed by gut microbial sulfidation, which subsequently affected the
toxic symptoms of D. magna. Multi-generational exposure revealed that selection of the toxicity-adapted gut
microbiota was both Ag form- and exposure time- dependent, resulting in a distinctive gut-microbial
community between generations and treatments. Specifically, the expression of gut microbial genes for
sulfide synthesis and organic matter degradation was simultaneously expressed when encountering Ag
challenge and was positively correlated with the reduced toxic symptoms. The reciprocal GMTs further
illustrated that the Ag*- and AgNP-adapted gut microbiota were unable to fully acclimate to the toxicity of
other Ag forms, resulting in a dramatic community shift and aggravated toxic symptoms of recipient D.
magna. Toxic differences between Ag* and AgNPs were related to the enriched organic matter in the gut,
which functioned as an electron donor for sulfidation-based detoxification of Ag* through degradation and as
an inhibitor of Ag® release from AgNPs by surface adsorption. Our findings provided fundamental
understanding about gut-microbial detoxification and transformation of Ag* and AgNPs, which finally resulted
in physiological changes of D. magna and their offspring.

Our findings provided a fundamental understanding about gut-microbial detoxification and transformation of Ag" and AgNPs, which heavily relied on the

enriched organic matter in the gut and finally resulted in physiological changes of Daphnia and their offspring. In addition, this study also shows the
importance of taking host-microbe interactions into account in assessing the toxic effects of silver species on microbially colonized hosts and provides a

method for evaluating the time-dependent selection on detoxification microbiota.
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toxicity of different Ag forms on single cells or organisms,
reporting unmatched toxic effects between Ag” and AgNPs.*”
However, at the community level, little is known about the toxic
effects of different Ag forms, especially regarding the toxicological
relevance of the gut microbiota interplay in living organisms.
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Gut microbiota mediate the physiology, detoxification,
digestion, nutrient assimilation, and immunological
reactions of aquatic metazoans.*” Any effects on their
relationship can generate great impacts on the host and
cause severe environmental damage.®® Despite the growing
awareness of the critical roles of gut microbiota in aquatic
ecosystems, the toxicological relevance of gut microbiota for
the host has been rarely studied,'®"" especially regarding the
effects of antibacterial chemicals. Previous studies reported
that AgNPs could have a more severe damage on the cell
membrane compared with Ag" due to their strong adhesion
onto the cell membrane while releasing Ag™.'*> Following
chronic exposure, bacteria could develop resistance to AgNPs
by synthesizing flagellin, a protein that induces the
aggregation and deactivation of AgNPs.”® At low
concentrations, Ag could covalently and rapidly bind to
cyanographene to overcome bacterial resistance in a low
concentration." Knowledge of how bacteria respond to
various Ag species under different exposure conditions is still
limited. Interactions between microbiota and host might play
an essential role in bacterial resistance to AgNPs. For
instance, our previous study demonstrated that the gut
environment promoted gut microbial resistance to low
concentrations of AgNPs under chronic exposure, resulting in
a higher tolerance of zooplankton to AgNPs."® Other studies
also reported that the protective microbes inside zebrafish
larvae displayed some degrees of resistance to the acute
toxicity of AgNPs.'® However, it is still unknown whether
different Ag species could trigger distinctive resistant
mechanisms of bacteria under different exposure conditions.

Due to their strong homology with metazoan genomes,'”*
zooplankton Daphnia magna is an established model system
in environmental toxicology research. D. magna have unique
features such as sizeable gut-body ratio, simple extraction of
the gut, short life cycle, and filter-feeding behavior, and are
particularly suitable for studying the toxic effects of
antibacterial Ag on the gut microbiota.">*® In the present
study, the gut microbiota of D. magna were subjected to
sequencing after being exposed to AgNPs (0.43 pg L") or Ag"
(0.08 ug L™) at environmentally relevant concentrations®"*
for two to four generations. After four generations of
exposure, the gut microbiota previously exposed to Ag" or
AgNPs was transplanted to axenic D. magna, which was
further exposed to both Ag species to validate the existence of
different resistant mechanisms. The goal of our study was to
reveal the underlying mechanisms of gut microbial resistance
to Ag" and AgNPs and the effects of different Ag species on
the interactions between microbiota and host.

2. Materials and methods
2.1. Preparation of organisms and materials

The zooplankton D. magna were raised in Aachener Daphnien
Medium (ADaM),>* and Chlamydomonas reinhardtii (CC1690)
were cultured as the food in sterile liquid BG11 medium.?*
Both were cultured in a sterile, temperature-controlled

362 | Environ. Sci.: Nano, 2022, 9, 361-374

View Article Online

Environmental Science: Nano

chamber at 23 + 1 °C on a 14:10 h light/dark cycle under 20
umol m™ s™' illumination with constant stirring and
aeration. D. magna were kept at a density of one individual
per 10 mL and fed with saturating amounts of C. reinhardtii
(10° cells per mL) each day, while the medium was refreshed
weekly. C. reinhardtii prey was centrifuged to remove the
culture medium and resuspended with an appropriate
amount of ADaM before being fed to D. magna. AgNPs were
synthesized and characterized according to a previous
study."® Detailed information is shown in the ESL{ Detailed
methods to validate the toxicity and 48 h LCs, of Ag' and
AgNPs are provided in the ESL Ag" and AgNP concentrations
were determined using single particle inductively coupled
plasma mass spectrometry (spICP-MS, Perkin Elmer NexION
300Q), which enabled the study of Ag species at dilute (ng
L") concentrations. After the operation optimization, the
dwell time was 10 ps, and the data acquisition time was 120
s for '”Ag signals. The flow rate before the injection of
samples was 0.32-0.35 mL min~'. A single 100 ng L' Ag
dissolved calibration check standard was analyzed in spICP-
MS mode after every ten runs to maintain the machine's
sensitivity. If drift in the standard signal was detected, the
particle sizing was adjusted accordingly for the decrease in
sensitivity.”> Synthesized AgNPs were also observed by
transmission electron microscopy (TEM), and the results are
listed in Fig. S1.}

2.2. Experimental designs

2.2.1. Multigenerational exposure to AgNPs/Ag® and
physiological measurements (expt. 1). According to previous
studies (Liu and Hurt, 2010; Quik et al, 2015),
environmentally relevant concentrations of AgNPs (low: 0.43
ug L' high: 4.3 ug L™) and Ag* (low: 0.08 uw L™%; high: 0.64
ug L") were selected in this study. At low concentration of
Ag" (0.08 ug L") and AgNPs (0.43 pg L"), the mortality rate
of D. magna was nearly 10% (Fig. S27), with a significant
decreased respiration rate compared with the control group
(Fig. S37), indicating that the toxic effects of Ag" and AgNPs
on D. magna were apparent at these concentrations.
Therefore, these concentrations were used in the following
experiments to study the toxic effects of Ag species to reflect
the natural environmental conditions.?**® To investigate the
chronic toxic effects of AgNPs and Ag”', normally fed D. magna
were consecutively exposed to low concentrations of AgNPs or
Ag' for three generations (FO-F3 generations with 21 days for
one generation) (Fig. 1). The acute toxic effects of Ag species
were investigated by exposing D. magna to both high and low
concentrations of Ag" and AgNPs for 24 hours. Each
treatment group consisted of 3 x 1 L polycarbonate (PC)
bottles containing 100 D. magna per bottle (one individual
per 10 mL), and they were incubated at 23 + 1 °C as
described above. During the experimental period, saturating
amounts of C. reinhardtii (10° cells per mL) were fed to the D.
magna each day. The D. magna culture medium was renewed
once a week, and the neonates were removed from the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic diagram of the experimental procedure. Experiment 1 (Expt. 1): Multigenerational exposure to AgNPs/Ag* and physiological

measurements; Experiment 2 (Expt. 2): Reciprocal gut microbiota transplants;

culture each day and counted over the experimental period.
In addition, Ag" released from AgNPs was quantified
according to our previous report.'”” In each bottle of 100 D.
magna, 80 individuals were used for metatranscriptomic
sequencing of their extracted guts; three were used for the
16S rRNA amplicon sequencing (i.e., a total of 9 individuals
for each experimental group), and the body length of the
remaining 17 individuals was recorded.

To measure the ingestion rate, a separate set of 150 mL
PC bottles was prepared (again in triplicate for the different
experimental groups) containing 100 mL ADaM and 10 D.
magna with the addition of corresponding chemicals. As a
control, another 3 x 150 mL PC bottles were prepared using
the same concentration of C. reinhardtii but no D. magna.
The ingestion rate was then determined using a method
described previously.”” The same groups of D. magna were
also used to measure the respiration rate using a
SensorDish® Reader; details are provided in the ESL}

2.2.2. Reciprocal gut microbiota transplants (GMTs) (expt.
2). To investigate the differences in toxicity between AgNPs
and Ag' on the gut microbiota, gut microbiota from the

This journal is © The Royal Society of Chemistry 2022

Experiment 3 (Expt. 3): Dissolved organic matter (DOM) enriched experiment.

normal and F3 of Ag’- and AgNP-exposed groups were
separately transplanted into the axenic neonates of D. magna
using the approach described in a previous report.’
According to the previous study, the axenic culture of D.
magna was prepared by antibiotic addition."® In brief, normal
D. magna eggs with external membrane were treated with
0.25% ampicillin (Sigma, Germany) for 30 min to remove all
associated bacteria. To confirm that the eggs were axenic, 5%
of the eggs were selected at random and crushed into debris
before being filtered through a 0.22 pm membrane for PCR
detection of any remaining bacteria. The rest of the eggs were
rinsed with sterile ADaM to remove any remaining ampicillin
and then transferred to a sterile six-well plate for inoculation
of the prepared microflora and hatching.”?® The hatched
recipients were then further exposed to a low concentration
of AgNPs or Ag" for a separate adaptation test (Fig. 1B). In
each adaptation test, three individuals were used for gut
extraction and 16S rRNA amplicon sequencing.

2.2.3. Dissolved organic matter (DOM) enriched
experiment (expt. 3). Based on the results obtained from expt.
1 and expt. 2, the enriched organic matter in the gut may
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play a different role in the gut-microbial adaptation for Ag"
and AgNPs. Since D. magna were able to accumulate dissolved
organic matter (DOM) to support their growth and
reproduction,® we further conducted a DOM incubation
experiment to validate the underlying mechanisms of gut
enriched organic matter-related gut-microbial adaptation for
different Ag forms (at low concentration). Concentrated DOM
solution (15.31 mg L") was used to establish another three
experimental groups (Fig. 1C), including experiments for
control (DOM without prey), AgNPs (low AgNPs without prey,
DOM-low AgNPs without prey, and DOM-low AgNPs without
prey and zooplankton) and Ag" (low Ag without prey, DOM-
low AgNPs without prey, and DOM-low AgNPs without prey
and zooplankton). The concentrated DOM solution was
prepared by filtering the pond water through a 0.45 um
membrane and then air-dried in water tanks within the
chamber mentioned above. Then, the Ag’ and DOM
concentrations were detected using ICP-MS detection and the
potassium dichromate oxidation method,*® respectively. Each
experimental group consisted of triplicate 1 L polycarbonate
bottles containing 100 D. magna per bottle (one individual
per 10 mL), and they were manipulated in the same way as
mentioned above with the addition of 300 mL of
concentrated DOM solution.

2.3. Gut extraction of zooplankton

After the D. magna were exposed to AgNPs or Ag', they were
transferred into autoclaved ADaM for 24 h to evacuate any
remaining food particles. Their gut was extracted using
sterile dissection tweezers (Regine 5, Switzerland) in a sterile
Petri dish under a stereomicroscope.'”> Before the gut
extraction procedure, the dissection tweezers were
autoclaved, steeped in 70% ethanol, and flame-sterilized. The
guts from 80 individuals in each treatment group were
transferred to 1.5 mL sterile Eppendorf tubes and prepared
for triplicate metatranscriptome sequencing, whereas the
individually collected guts from multi-generational exposure
and GMTs were collected into separate tubes for subsequent
16S rRNA amplicon sequencing. The extracted gut, which
contains gut tissue of D. magna and the whole microbiome in
it, was then crushed into small sections inside a 1.5 mL
sterile Eppendorf tube using a blunt-pointed pestle self-made
from a 200 pL pipette. The small gut chips were then further
filtered through 0.22 um polycarbonate membranes (EMD
Millipore, Billerica, MA, USA) and preserved with the addition
of 1 mL RNA protection solution in a 1.5 ml sterile Eppendorf
tube in a —80 °C freezer until further extraction of RNA and
DNA. The dissection tool rinsing water was also collected and
filtered through a 0.22 pum membrane to evaluate the
likelihood of any operational contamination.

2.4. Gut microbiota community analysis

Total DNA was extracted from the following: the preserved
filters from the dissection tool rinsing water, the randomly
sampled axenic eggs and the individually sampled gut
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microbiota using a PureLink Genomic DNA Kit (Invitrogen,
Thermo Fisher Scientific Corp., Carlsbad, CA, USA).
Amplification was conducted with the 16S rRNA specific
targeting primers as follows: forward primer, 341F (5-CCTA
CGGGRSGCAGCAG-3') and reverse primer, 787R (5-
CTACNRGGGTATCTAA-3") using a previously reported PCR
system.’® The PCRs were conducted in triplicate, and the
products were pooled together and sequenced using a HiSeq
2500 System (Illumina, San Diego, CA, USA) with 2 x 250 bp
paired-end read configurations.

The amplicon sequencing results were analyzed using the
QIIME2 pipeline (version 2018.4), following reported
procedures for quality filtration, demultiplexing, denoising
with dada2,>® using a uniform sequence number,
differentiating the partial 16S rRNA gene amplicon sequence
variants (ASVs), taxonomy assignment, and diversity analysis.
The taxonomic assignment of ASVs was achieved using the
SILVA database (release 132), and the o diversity (within
samples) of the gut microbial community was determined
using the “qiime diversity alpha group significance”
command. A filtered ASVs table at 0.1% abundance of each
sample was generated with QIIME 1.9.1, and the
summarize_taxa.py script was used to treat the ASVs table
into relative abundances for LDA (linear discriminant
analysis) effective size (LEfSe) analysis, which was then
typically used to compare taxonomic units between exposure
treatments.®® In addition, Sloan's neutral community model
(NCM) was applied to evaluate the relative contribution of
neutral and selection processes in shaping the gut
community.**

2.5. Gut microbiota associated metatranscriptome analysis

The collected filters for metatranscriptome sequencing were
briefly thawed on ice and the RNA protection solution was
removed as previously described.’® According to the
manufacturer's protocol, the total RNA was extracted using
the Totally RNA isolation kit (Ambion Inc., Austin, TX, USA).
The NEBNext Ultra Directional RNA Library Prep Kit for
Ilumina (NEB) was used to prepare the sequencing library.**
The pooled RNA from each sample was barcoded and
sequenced using an Illumina HiSeq 2500 sequencer
(Novogene Co., Ltd., Beijing, China).

In total, 21 metatranscriptome samples were sequenced in
this study (including triplicates for low Ag", high Ag"’, F1 low
Ag', F3 low Ag', DOM-Ag’, DOM-AgNPs, and DOM), which
were analyzed together with our previously reported
metatranscriptomic data for AgNP exposure (triplicate for
normal, low AgNP, high AgNP, F1 low AgNPs and F3 low
AgNPs)." Since the control group for Ag*-related experiments
was under the same conditions as our previous study, we
applied the previously sequenced metatranscriptomic data
for the control group in this study. The different holobiont
part-affiliated short reads were separated and distinguished
according to a previously reported method.*® In brief, the
genome and previously published RNA-seq of D. magna were

This journal is © The Royal Society of Chemistry 2022
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downloaded to our local server to construct a reference
dataset.>” In addition, the bacterial section of the Tara
Oceans meta-genomic gene catalogue (OM-RGC) and non-
redundant (nr) database was extracted using the blastdbemd
program®® to construct a bacterial reference dataset. After
quality control of the short reads,* the SRC_c software (in
the default setting) was used to map the sequenced short
reads to either a D. magna or bacteria affiliated dataset.*’
According to a previous paper,’’ the D. magna and gut
microbiota affiliated short reads were separately assembled,
predicted for open reading frames (ORFs), and annotated
with the Kyoto Encyclopedia of Genes and Genomes (KEGG),
Cazymes, and non-redundant (nr) database using Diamond
software with k set to 1.*> The coverage of ORFs was
calculated by mapping the short reads back to the assembled
transcripts using Bowtie 2.2.9 (ref. 43) and SAMtools v1.9.**
The edgeR package in R was used to calculate the
differentially expressed genes (DEGs) between groups with
transcripts per million (TPM) values. The DEGs were defined
with the criteria of [log2 (fold change)| >1 and p-value <0.05
shown at the comparisons between experimental groups.

Co-expressed networks (modules) were constructed using
the functions in the weighted correlation network analysis
(WGCNA) package in R.*> Generally, genes with a similar
expression pattern across all the samples were clustered into
different co-expression metabolic eigengenes (MEs). In each
experimental group, the regression correlation analysis was
performed between the module eigengene values (i.e., the
average expression level of all the genes in each ME) and the
recorded reproduction rate of D. magna (as an indicator for
toxic effects of Ag pollutants). The results are presented as a
heatmap using R (V3.6.1), and the detailed analysis
procedures are listed in the ESLY}

2.6. Gene expression validation

Six universal microbial genes were selected to verify the
transcriptomic results. The primers for bacterial genes are
listed in Table S1.f Any DNA contamination in the extracted
RNA was detected through reverse transcription (RT) control
of each pair of primers. In general, HiScript® III RT SuperMix
for qPCR (+ gDNA wiper) (Vazyme Biotech, Nanjing, China)
was applied for the reverse transcription of extracted RNA.
Subsequently, 1 pL (47 ng) synthesized cDNA was used for
gPCR with the FastStart Universal SYBR Green Master Mix
Kit (Roche, Germany) in a LightCycler 384 device (Roche,
Germany), under thermocycling conditions as previously
described.” The 16S rRNA genes were selected as the inner
references for normalization of gene expression in the gut
microbes. The relative amount of mRNA was calculated using
the 2724 method.

2.7. Statistical analyses

The Bray-Curtis dissimilarity —between gut-microbial
communities was computed and visualized using the vegan

This journal is © The Royal Society of Chemistry 2022
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package in R. The differences between datasets were
statistically examined using ANOSIM.

3. Results

3.1. Characterization and bioaccumulation of AgNPs or Ag"
in D. magna gut

The transmission electron microscopy (TEM) results revealed
that the synthesized AgNPs were spherical particles with mean
+ SD 20.0 + 0.53 nm (Fig. S1f). The zeta potential of the
synthesized AgNPs is —15.6 mV, and the hydrodynamic diameter
is around 24 nm. After 48 h of exposure of D. magna to AgNPs
(0-20 mg L") or Ag+ (0-2 mg L"), the mortality rate of D. magna
was measured, and the calculated 48 h LCs, of AgNPs was 9.03
ug L™ as compared to 0.82 ug L™ for Ag™ (Fig. S2At). Because of
AgNP dissolution, released Ag" after 40 h and 90 h was ~0.1 ug
L™ for the low and high concentration treatment, respectively
(Fig. S2Bt). Since D. magna did not survive for more than a week
at high concentrations of AgNPs (4.3 ud L") and Ag" (0.64 y(
L"), they were only exposed to these concentrations for 24 h for
sequencing of the metatranscriptome. The metatranscriptomic
results for acute toxicity of high concentration of Ag" and AgNPs
showed that the number of gut microbiota affiliated reads was
very low (below 1%). In comparison, the gut microbiota
affiliated reads were relatively higher in number at low
concentrations of Ag" and AgNPs (higher than 5%, Table S27).
The respiration rate of D. magna was severely inhibited under
the chronic exposure to the low concentration of AgNPs or Ag".
In addition, there was a gradual increase in the respiration rate
from the FO exposure (with mean values of 0.344 and 0.351
umol O, per mg dw per h under AgNP and Ag" exposure,
respectively) to the F3 (with mean values of 0.355 and 0.358
umol O, per mg dw per h under AgNP and Ag" exposure,
respectively) (Fig. S31).

3.2. Analysis of metatranscriptomic sequencing data
affiliated to gut microbiota

In order to reveal the metabolic shift of gut microbiota between
experimental groups, metatranscriptomic sequencing for high
Ag' (24 h), low Ag" (24 h), F1 low Ag’, F3 low Ag’, DOM, DOM-
Ag', and DOM-AgNPs was conducted in this study, which was
analyzed together with our previously sequenced data (high
AgNPs (24 h), low AgNPs (24 h), F1 low AgNPs, F3 low AgNPs).
Approximately 71 to 140 million 150 bp paired-end short reads
were obtained across 30 metatranscriptome samples (Table
S37). The proportion of D. magna associated short reads ranged
from 58.14% to 90.11%, whereas that of the gut microbiota
ranged from 0.1% to 19.15% across all our samples (Table S2+).
Noticeably, the percentage of short reads assigned to gut
microbiota was less than 1% in the high Ag and F1 low Ag
samples. The assembly results showed that the median of
assembled lengths (N50) of D. magna affiliated reads was
between 1266 and 4785 bp, whereas that of the gut microbiota
was between 511 and 2278 bp (Table S47). Biological coefficient
of variation (BCV) analysis revealed that the transcriptomic data
triplicates were clustered together for each experimental group,
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indicating the reproducibility and reliability of the triplicates
and the RNA-seq data (Fig. S4f). In addition, the strong
Spearman correlation between the gene expression level in the
transcriptome and the qPCR results (R* > 0.85, p < 0.001)
validated our sequencing data (Fig. S5f). Furthermore, the
empty results from the RT-control of each pair of primers
demonstrated the low level of DNA contamination in the
extracted RNA.

3.3. Selection of toxicity adapted gut microbial community
through multi-generational exposure (expt. 1)

The physiological monitoring of D. magna under multi-
generational exposure revealed their chronic stress adaptation
to different Ag pollutants. The reproduction rate (Fig. 2A), body
length (Fig. 2B), and ingestion rate (Fig. S6T) of the D. magna
from F3 low Ag" showed a marked increase compared with that
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from F1 low Ag'. A similar chronic stress adaptation was also
found in exposures of AgNPs except the body length, which
decreased in the F3 exposure, indicating a cumulative effect of
AgNPs on the growth of D. magna. Overall, the reproduction rate
clearly reflected the improved tolerance of D. magna to Ag" and
AgNPs under multi-generational exposure.

It is generally accepted that the mechanisms of controlling
the microbial community shift can be mainly divided into
random (caused by drift) and selection (caused by environmental
stress) processes.*® Therefore, after multi-generational exposure,
it is important to quantify the contribution of these two
processes in shaping the gut microbial community through
neutral community model (NCM) analysis. In the results of NCM
analysis, a higher R-squared value (Fig. S71) indicated a better fit
of the model for the microbial community data and illustrated
the higher importance of neutral processes in shaping the
community.”” In our study, although neutral processes were the
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Fig. 2 Effects of multi-generational AQNP/Ag* exposure on physiological traits of D. magna. The number of neonates (A) and body length (B) of D.
magna on day 21 following the different experimental treatments. * indicates strong differences (p < 0.05) in the t-test between two comparison
groups; ** indicates significant differences (p < 0.01) in the t-test between two comparison groups.
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dominant force in shaping the gut microbial community in all
exposure groups (i.e., normal: R> = 0.544; F1 low Ag": R* = 0.765;
F3 low Ag™: R = 0.616; F1 low AgNPs: R> = 0.794; and F3 low
AgNPs: R> = 0.629), the gut microbiota was still subjected to
selection stress as the exposure time increased (Fig. S71). In
addition, it is interesting to note that after three generations of
exposure, the selection stress of Ag" for gut microbiota was
much higher than that of AgNPs, indicating a stronger toxic
effect of Ag" on gut microbiota.

A distinctive gut-microbial composition between generations
and treatments was investigated. The calculation of Bray-Curtis
similarity showed that the gut microbial communities from the
same treatment were grouped together, showing high similarity
between individuals (Fig. S8t). Linear discriminant analysis
showed that the microbial taxa characterized by anaerobic
lifestyle and complex organic degradation were enriched in the
F3-exposed D. magna in comparison with the F1. For example,
the typical organic decomposers [including
Fimbriimonadaceae,”® Crocinitomicaceae,"® Pseudomonadaceae,”®
Bacteroidetes,” and Verrucomicrobia®® and anaerobic organisms
(including Aeromonadaceae®® and  Planctomycetes™)] were
markedly enriched in F3 low AgNPs/Ag" compared with F1 low
AgNPs/Ag" (Fig. S9A and Bf). In addition, representative taxa for
intestinal flora disorder [including Microbacteriaceae,>
Enterococcaceae,”®” and Moraxellaceae®®] and strong stress
resistance [including Micrococcales™ and Bacillaceae®] were
enriched in the F1 low AgNPs and Ag’ (Fig. S9A and Bf)
compared with F3 low AgNPs and Ag', respectively. It is
noticeable that the comparison between F3 low AgNPs and F3
low Ag revealed the enrichment of microbial decomposers in
F3 low Ag', such as Deinococcus,®* Fimbriimonadia,”* and
Actinobacteria® (Fig. 3A). In addition, the gut microbiota
community from the control group was further compared with
the other reported data,®’ which exhibited little difference
between each other (ANOSIM p > 0.1, Fig. S10%).

Since the reproduction rate of D. magna was highly
associated with the toxic effects on gut microbiota,* it was used
as an indicator of gut microbial adaptation for different Ag
pollutants. In order to assess the correlations between the
functions of gut microbiota and experimental factors (the Ag
pollutants in different forms and the reproduction rate of
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hosts), the identified microbial ORFs from multi-generational
exposures (27 metatranscriptomic datasets) were first annotated
with the KEGG database and then subjected to WGCNA.* The
results of co-expression clustering and its relationship with
experimental factors are summarized in Table S5.f Results
showed that the co-expressed gut microbial genes in MEpink
were positively correlated with the exposure to Ag" and the
reproduction rate of D. magna, whereas the co-expressed genes
in MEdarkgrey were positively correlated with AgNP exposure
and the reproduction rate (Fig. S11B7). In order to identify the
core genes within the MEpink and MEdarkgrey, the co-
expression network of affiliated genes (correlation weight >4)
was constructed and classified based on KEGG annotation.
Within MEpink, the genes encoding for the ribosome, energy
metabolism, protein degradation and assimilation, carbon
degradation and metabolism, dissimilatory sulfite reductase,
and degradation of complex organic matter were more crucial
for the adaptation of gut microbiota under the exposure to Ag*
(Fig. 4A). In contrast, the biosynthesis of butyrate and flagellar
played an important role in the microbial adaptation under the
exposure to AgNPs (Fig. 4B).

3.4. Reciprocal microbiota transplants illustrate different
toxicity between Ag species on gut microbiota (expt. 2)

In order to illustrate the toxic differences between different Ag
species on gut microbiota, one type of Ag species adapted gut
microbiota was transplanted to axenic D. magna for further
exposure of both Ag species. Since the physiological traits of
recipient D. magna varied significantly between groups with
different reciprocal microbiota sources, our result suggested
that the gut microbiota highly mediated the toxic symptoms.
Under exposure of Ag', a dramatic promotion of the traits
(including reproduction rate, body length, and ingestion rate) in
the recipient D. magna was detected once the gut microbial
donor was pre-exposed to Ag'. A similar situation was also
detected in the exposure of AgNPs when the gut microbial
donor was pre-exposed to AgNPs. In contrast, the physiological
traits of the recipient D. magna with the donor from Ag'-adapted
gut microbiota were strongly affected by AgNPs; a similar
situation was also detected in the recipient D. magna exposed to

(O =
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Fig. 3 The cladogram indicates the phylogenetic distribution of the gut microbial lineages between F3 low AgNPs and F3 low Ag* (A), Ag*-
adapted recipient in low Ag* and AgNPs (B), and AgNP-adapted recipient in low Ag* and AgNPs (C). The odds of gut microbial distribution between
different treatment groups were identified with different colours with linear discriminant analysis value (LDA > 2.5).
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Fig. 4 Co-expression patterns of the hub genes in gut microbiota affiliated MEpink and MEdarkgrey metabolic modules. Based on the KEGG
annotation, genes were assigned with different colors according to their function.

Ag" where the AgNP-adapted gut microbiota was transplanted
(Fig. 2A and B). These results suggested that Ag" and AgNPs
generated distinctive effects on gut microbiota, which was
further correlated with the toxic symptoms of D. magna.

The gut-microbial community of recipient D. magna was
significantly shifted when the recipient was exposed to the Ag
form that the gut microbiota was not adapted. Under AgNP
exposure, the Coriobacteriales [indicator for the stressful gut
environment®’] and Prevotellaceae [indicator for unhealthy gut
conditions®®] were found to be enriched in the recipient D.
magna inoculated with Ag'-adapted gut microbiota (Fig. 3B). In
addition, the taxa with strong capability in organic degradation
(such as Bacteroidetes and Firmicutes) were enriched in the
recipient (inoculated with AgNP-adapted gut microbiota) exposed
to Ag' compared with the recipient under AgNP exposure
(Fig. 3C). Notably, a high similarity was detected between gut-
microbial donors and the recipient once they were exposed to
the same Ag form (Fig. S12A and Bf), indicating that once the
gut microbiota had adapted to one Ag form, the recipient also
appeared to adapt to this Ag form with long-term persistence.

3.5. DOM enrichment experiments validate the importance of
organic compounds in microbial detoxification of Ag species
(expt. 3)

The addition of DOM dramatically reduced the toxic effects
of Ag" on D. magna with elevated reproduction rate and body
length as compared with that in the F1 exposure (p < 0.01,
Fig. 2). DOM addition also slightly reduced the released Ag"

368 | Environ. Sci.: Nano, 2022, 9, 361-374

in AgNP exposure, which was around 0.08 pg L™ and 0.07 pg
L™" in the exposure to 0.43 pg L™ AgNPs with and without
the addition of DOM, respectively (Fig. 5A). In addition, DOM
reduced the Ag' concentration in both Ag’ and AgNP
exposures with the existence of D. magna and massive DOM
consumption (Fig. 5). The transcriptomic analysis confirmed
that under Ag' exposure, the DOM stimulated the up-
regulation of gut-microbial genes encoding for organic
degradation when compared with AgNP exposure and control
(DOM group), indicating distinctive modulation of organic
metabolism in gut microbiota under different Ag exposures
(Fig. S137). Results of differentially expressed genes between
comparison groups are given in Table S6.}

4. Discussion

4.1. D. magna gain fitness benefits from gut microbiota
under Ag exposure

The reproduction rate and ingestion rate indicated that the
tolerance of D. magna for Ag was dramatically promoted
under multi-generational exposure. Further GMT experiment
demonstrated that the tolerance of D. magna for Ag
compound was highly correlated with gut microbiota
metabolism. In a previous study, the gut microbiota of D.
magna helped detoxify the cyanobacterial microcystin.” Our
finding further illustrates that the gut microbiota of D. magna
promoted the tolerance of D. magna to biotoxin and metals,
especially for Ag species. This may be due to the consistent

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The Ag* and ADOM concentration in exposures (ADOM refers to the difference value between two days). The Ag* concentration in AgNP
(A) and Ag™ (B) related exposures. The ADOM concentration in exposures of AgNPs (C) and Ag* (D). Whether D. magna exist or not in the culture is

listed in the legend of each figure.

selection stress for gut-microbial phylotypes that adapted to
the toxicity under multi-generational exposure. In addition,
the fitness benefits from gut microbiota were also found to
be Ag form-dependent, which indicated that the Ag' and
AgNPs may differently affect D. magna through their
distinctive effects on gut microbiota. Many studies attempted
to differentiate the toxic differences between Ag' and AgNPs.
For instance, AgNPs showed strong colocalization with lipid
droplets when using fluorescent signals to track their
transportation inside D. magna, which triggered the maternal
transfer of AgNPs since lipids are the main energy source of
D. magna embryos, while Ag" was irregularly distributed in
different sites.®” Due to the strong adhesion of AgNPs to the
cell membrane, a high proportion of Ag' released from
AgNPs was detected in the mitochondria, causing exhaustion
of the respiratory reserve capacity and cell death.®® Also, the
Ag' displayed a diffusive cytoplasmic distribution pattern,
while AgNPs were taken up mainly through endocytosis and
distributed heterogeneously in the cytoplasm of algal cells.™
Our results based on multi-generational exposure and GMT
experiments provided a novel insight into the toxicology of
Ag' and AgNPs and suggested that the gut microbiota may be
overlooked for differentiating the toxicity of Ag" from AgNPs.

This journal is © The Royal Society of Chemistry 2022

By conducting community analysis of samples from multi-
generational exposure, we illustrated that different exposure
times resulted in distinctive gut-microbial communities. The
enriched representative microbial taxa for intestinal flora
disorder and stress resistance in the F1 exposures indicated that
Ag" and AgNPs strongly affected the gut microbiota at the
beginning of the exposure, which was consistent with the
detected strong toxic symptoms of D. magna. Similar results
were also detected in mice with dietary AgNPs (from 0 to 4600
ppb) for 28 days, where serious gut microbiota disturbance was
detected.®®  Differently, along with the symptomatic
improvement of D. magna, the recovery of gut microbiota was
evidenced by the enriched anaerobic microbial taxa in F3
exposure of this study, since gut microbiota normally
contributed to the food digestion and fermentation processes.”
Similarly, a previous study also reported that the bacterial
community in natural water was strongly affected but then
recovered under exposure to low concentrations of Ag' and
AgNPs.”" These results illustrated that Ag pollutants’ effects on
gut microbiota were highly exposure time-dependent, which
further mediated the toxic symptoms of D. magna.

The community analysis of samples from the GMT
experiment illustrated that different Ag forms may generate
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distinctive effects on gut microbiota, which further mediated
the toxic symptoms of D. magna. Although previous studies
reported that the AgNPs and Ag" can distinctively affect
organisms in environments,”»”® our results further
demonstrated that the effects of Ag on D. magna could also
be triggered by the form-dependent toxicity on the gut-
microbial community.

4.2. Sulfidation and organic degradation based on gut-
microbial transformation and adaptation

Previous studies reported that the sulfidation- and chlorination-
based transformation of Ag" and AgNPs is the primary antidote
to their toxicity.”*”® For instance, although AgNPs altered the
detoxification enzymes, enhanced the liver oxidative stress, and
affected the brain acetylcholinesterase activity in zebrafish,
sulfidation of AgNPs resulted in significant alleviation of these
toxic effects.”” The heritable reproductive toxicity of AgNPs to
Caenorhabditis elegans was also relieved under sulfidized
AgNPs.”® In complex microcosms, nearly 100% of Ag was bound
to sulfur, which decreased the bioavailability and toxicity of Ag”
and AgNPs.”” Another study also showed that Ag,S was the
main form in both AgNP- and AgNO;-treated sediments, and
the proportion of Ag,S was 48-49% of the total Ag for AgNP and
AgNO; treatments.”® In addition, no acute toxicity of sulfidized
AgNPs on Pseudokirchneriella subcapitata (algae), D. magna
(crustacean), Danio rerio (fish), and Hydra vulgaris (cnidarian)
was detected.”” Our studies demonstrated the possibility that
the anaerobic gut environment of D. magna provided an ideal
condition for the gut-microbial transformation of Ag' and
AgNPs through sulfidation with enriched sulfate and sulfate-
reducing bacteria,® since low oxygen is one of the requirements
for microbial sulfate reduction.®! For instance, the expression of
gut-microbial genes for sulfate reduction was tightly correlated
with the symptoms of D. magna across the
metatranscriptomic datasets from Ag-treated exposures, where
the highest expression of sulfate reduction and significant
alleviation of toxic symptoms in D. magna were detected in the
F3 generation. Considering the gut accumulation of Ag in
zooplankton,*>®*  the  sulfidation-based  gut-microbial
transformation of Ag" and AgNPs may be crucial for its
detoxification. For instance, due to its strong damage on the cell
membrane and electron transfer, Ag showed significant effects
on phytoplankton, especially the metabolic processes for
photosynthesis and nitrogen fixation.*#*® The gut-microbial
sulfidation-based transformation of Ag may contribute to
nutrient recycling by preventing the effects on primary
production. Since the physiological status of zooplankton highly
influenced the aquatic food web, the identified fitness benefits
from gut-microbial detoxification could play an important role
in ecological equilibrium.®® In addition, the low bioavailability
of Ag,S could dramatically reduce the trophic transfer and
accumulation of Ag in high trophic levels.

For the first time, we showed that the enriched organic
matter in the gut played a distinctive role in gut microbial
adaptation under multi-generational exposure. Within the F3

toxic
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exposures, the abundance of microbial organic decomposers
increased and suggested that the organics may play a key role
in the adaptation of gut microbiota for Ag" and AgNPs. This
finding was consistent with recent reports that surrounding
organic matter decreased the toxicity of AgNPs and Ag" to green
algae and zebrafish.*”*® However, further analysis showed that
the microbial organic decomposers were enriched in the
exposure of F3 low Ag' compared with exposure of F3 low
AgNPs. This result indicated that organic degradation might
play a more important role in gut-microbial adaptation for Ag"
than AgNPs. In addition, the distinctive role of organics in gut-
microbial adaptation for different Ag was further evidenced by
the decreased abundance of microbial organic decomposers in
the AgNP-exposed recipient zooplankton (donors from Ag-
adapted gut microbiota).

With the application of co-expression analysis (WGCNA), we
revealed the underlying mechanisms of the distinctive gut-
microbial adaptation for Ag” and AgNPs. Since the reproduction
rate of D. magna well represented the detoxification and
adaptation of gut microbiota,>** this trait was used for
correlation analysis with clustered co-expression genes. The
analysis revealed that the gut-microbial gene expression for the
organic degradation process was correlated with their gene
expression for the bio-synthesis of sulfide (sulfate reduction),
which may neutralize Ag". This may be due to the organic
electron donors for sulfate reduction in gut microbiota under
Ag" exposure,®”° where the sulfate reduction process is favored
by the electrons generated in the organic degradation process.
Subsequently, the Ag" in water reacts with the synthesized
sulfide to generate Ag,S, which has been demonstrated to be
the main strategy for bacteria to cope with the strong oxidation
of Ag".”"*> However, this co-expression pattern was not for the
detoxification process of AgNPs, indicating the suppressed
organic degradation for gut-microbial adaptation of AgNPs. This
result was further supported by the significantly down-regulated
gut-microbial genes for organic degradation in DOM-AgNP
exposure compared with the expression profile in DOM-Ag" and
DOM (control). Since the organics can strongly adsorb on the
surface of AgNPs to prevent the release of Ag" from AgNPs,”*%*
the suppressed gene expression for organic degradation may be
a strategy of gut microbiota to reduce the released Ag" from
AgNPs. Therefore, the gut-microbial gene expression for organic
degradation may be dynamically regulated by the requirement
for neutralizing the released Ag" (as organic electron donors for
sulfate reduction) and preventing the release of Ag" under AgNP
exposure. In addition, this conclusion was further supported by
the reduced saturation concentration of the released Ag" from
AgNPs in the DOM incubation experiment. The identified core
genes for detoxification of AgNPs were consistent with the
previous report, where the bacterial flagellar protein reacted
with nanoparticles (NPs) to form nontoxic precipitation."®

5. Conclusion

In this study, we investigated for the first time the toxic
effects of Ag" and AgNPs on gut microbiota under multi-

This journal is © The Royal Society of Chemistry 2022
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generational exposures and identified the potential strategy
of gut-microbial adaptation as well as their implications for
the host and its offspring. Our results showed that multi-
generational exposures to Ag" and AgNPs caused intensive
selection pressure for gut-microbial phylotypes, resulting in
toxicity-adapted phylotypes in F3 exposures. The gut
microbial transplant experiment further demonstrated that
gut microbiota adaptation for Ag pollutants was highly Ag
form dependent. Transcriptomic analysis revealed the
potentially sulfidation-based gut-microbial transformation of
Ag" with organic decomposition as the electron donor in Ag"
exposure. In contrast, the suppressed gene expression for
organic degradation suggested the possible adaptation
strategy of gut microbiota during AgNP exposure, such as
retaining the organic matter to enhance organic adsorption
on AgNPs to reduce Ag' release. Since the gut microbiota
played an important role in the environmental fitness of host
and ecological processes, our study provided crucial
information for the environmental risk assessment of
antibacterial Ag pollutants.
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