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The effects from multigenerational exposures to engineered nanoparticles
(ENPs) in their pristine and transformed states are currently unknown
despite such exposures being an increasingly common scenario in natural
environments. Here, we examine how exposure over 10 generations affects
the sensitivity of the nematode Caenorhabditis elegans to pristine and sulfi-
dized Ag ENPs and AgNO;. We also include populations that were
initially exposed over six generations but kept unexposed for subsequent
four generations to allow recovery from exposure. Toxicity of the different
silver forms decreased in the order AgNO;, Ag ENPs and Ag,S ENPs. Con-
tinuous exposure to Ag ENPs and AgNOj; caused pronounced sensitization
(approx. 10-fold) in the F2 generation, which was sustained until F10. This
sensitization was less pronounced for Ag,S ENP exposures, indicating differ-
ent toxicity mechanisms. Subtle changes in size and lifespan were also
measured. In the recovery populations, the sensitivity to Ag ENPs and
AgNO; resulting from the initial multigenerational exposure persisted.
Their response sensitivity for all endpoints was most closely related to the
last ancestral exposed generation (F5), rather than unexposed controls. The
mechanisms of transgenerational transfer of sensitivity are probably organ-
ized through the epigenome, and we encourage others to investigate such
effects as a priority for mechanistic toxicology.

1. Introduction

Assessments of the environmental impacts of engineered nanoparticles (ENPs)
generally rely on the use of short-term laboratory tests to provide information
on the toxicity of the ‘as-produced” (pristine) materials. This focus lies counter
to what is currently known about the likely nature of environmental ENP
exposures, as these will often be to ENPs that have undergone transformation
processes and for extended time (e.g. over multiple generations).

Common environmental transformations of metal ENPs include oxidation
reactions (e.g. from Ago to Ag", and thereafter to complexed Ag(l) species
[1,2]). As a class B (soft) metal cation, Ag is particularly susceptible to sulfidation
[3-5]. For example, Ag ENPs are completely transformed to Ag,S during waste-
water treatment [5-7]. These processes can alter not only the particle surface, but
also speciation of the particle core, with effects on environmental behaviour and
altered toxicity compared with pristine materials [2,8]. For instance, dissolution
can increase toxic potential through the release of toxic ions [9], while chemical
speciation changes, such as sulfidation, have been shown to reduce toxicity pos-
sibly by suppressing ion release and reducing uptake of intact particles [10-12].

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.
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What is currently not known is how these changes in exposure
form relate to long-term environmental effects of ENPs (e.g.
over multiple generations).

To date, only a limited number of multigenerational
exposure studies for ENPs are available, and so far these
have considered only pristine materials. In one such study,
Volker et al. [13] found a complex pattern of sensitivity in
three Daphnia species exposed to Ag ENPs over five gener-
ations. Some evidence of greater tolerance in the later
generations was found at lower test concentrations; however,
this effect was inconsistent and there was some evidence of
increased sensitivity at the higher long-term exposure con-
centrations. For C. elegans exposed to CdSe and CdSe/ZnS
quantum dots and CdSO, over four exposed generations,
Contreras et al. [14] found a consistent sensitivity of individ-
ual life-cycle traits, fitness and locomotion across all tested
generations. Sixteen-generation studies on the effect of
uranium to C. elegans found adaptation to exposure con-
ditions for both exposed and control populations. Observed
effects on fecundity were consistent between population
treatments, whereas in one of the studies effects on body
length showed differential evolution over the exposure
duration once maternal effects diminished [15,16].

In some ecosystems (e.g. lotic freshwaters) and when pol-
lution is spatially heterogeneous (e.g. soil), species may
experience the potential to recover from exposures. The
extent of such recovery may affect the way that species
respond to future challenges. In C. elegans, adaptation was
found to be dependent on the type of pollutant and the persist-
ence of its exposure [17]. Even when exposure is removed for
more than a generation, maternal contaminant transfer or
potentially epigenetic changes (transgenerational inheritance)
could influence the responses of unexposed offspring. Tests
of generational recovery from ENP exposure have been
conducted. For example, Daphnia magna regained full repro-
ductive output and lifespan in the first unexposed generation
for a majority of tested carbon nanomaterials [18]. In C. elegans,
exposure to Au ENPs in parents led to increased reproductive
tract malformations and egg production failure in unexposed
F2 offspring, but not the previous or subsequent generations
[19]. These studies highlight the possibility for the generational
transfer of effects through unknown mechanisms.

To provide a comprehensive analysis of multigenerational
exposure effects, including recovery, we here conduct a con-
tinuous 10-generation exposure of the nematode C. elegans
to both pristine and sulfidized (‘aged’) Ag ENPs, as well as
to ionic Ag as a positive control mimicking full dissolution.
Recovery is assessed by transferring nematodes exposed for
six generations to clean media for a further four generations
before re-exposure. Our aim was to assess how sensitivity
was affected by multigenerational exposure and to confirm
that any such changes in sensitivity were lost when the
continuous exposure was removed.

2. Material and methods

(a) Particle characterization

The polyvinylpyrrolidone (PVP)-coated Ag ENPs (Ag-PVP)
and sulfidized Ag,S ENPs were synthesized and supplied
as described by Starnes et al. [11] (for synthesis details, see the
electronic  supplementary material). Transmission electron
microscopy (TEM) primary particle sizes were reported to be

58.3 + 129 nm for Ag-PVP and 64.5 + 19.4 nm for Ag,S [11].
Energy-dispersive X-ray spectroscopy of Ag to S ratios (10:1)
in the Ag,S ENPs indicated incomplete sulfidation. Ionic Ag
as AgNO; was purchased from Sigma Aldrich Chemicals
(Poole, UK).

To determine the ENP stability in the simulated soil pore
water (SSPW) exposure medium [20], particle hydrodynamic
diameter was characterized over 96h at 24 h intervals for
10mg Agl ' dispersions in triplicate using Nano Tracking
Analysis (NanoSight NS500, Malvern Instruments, Malvern,
UK). Data were analysed using NTA v. 2.3. Electrophoretic mobi-
lity was determined by phase analysis light scattering using the
Zetasizer NanoZS. Zeta potential was estimated from electro-
phoretic mobility using the Smolokowski model. The 96 h
period was chosen as it was the maximum duration of exposure
before media renewal, while 10 mg Ag 17" lay within the tested
concentration range for both particle types and above detection
limit over the test duration for both techniques. Measurements
were conducted in the test media without the bacterial food
source Escherichia coli strain OP50 to avoid scattering interfer-
ences. Samples of both the pristine and Ag,S ENPs were
prepared for TEM analysis to establish Ag:S ratios and primary
particle diameter in samples by drying one drop of dispersion
solution on a TEM grid for 1h followed by examination on a
JEOL 2010 analytical TEM equipped with an Oxford Instruments
LZ5 windowless energy-dispersive X-ray spectrometer.

Actual exposure concentrations were validated in 96 ran-
domly chosen samples (10% of the total number). Particle
dissolution after 96 h exposure at concentrations of Ag-PVP =
1.5mg Ag 17! and Ag,S=15mg Ag 17! was determined in tri-
plicate by ultrafiltration with 3 kDa ultrafiltration devices
(Amicon, Millipore) after pre-conditioning of the membranes
with 0.1 M Cu(SOy), - 5H,O according to Diez-Ortiz et al. [21].
Additionally, the recovery of AgNO;=0.10mg Agl™' after
ultrafiltration was measured. Ag concentration of both sample
sets was determined by atomic absorbance spectroscopy
(Perkin Elmer 1100B) after acidification with aqua regia.

(b) Nematode exposures

Caenorhabditis elegans (N2 Bristol strain) obtained from the
C. elegans Genetics Center (University of Minnesota, USA) were
initially maintained at 20°C in the dark on nematode growth
medium agar plates and fed a uracil-deficient E. coli strain
OP50 [22]. To start the multigenerational exposures, initial
populations were established on SSPW agar plates, with 17 g
bacteriological agar and 2.5 g bacteriological peptone per litre
of SSPW, with 1 ml cholesterol (5 mg ml~! EtOH) added after
autoclaving. Large numbers of eggs were obtained from these
populations through NaClO egg preparation [23] and immedi-
ately exposed to single concentrations of AgNO;, Ag-PVP or
Ag,S ENPs (AgNO; =0.1mg Agl™!, Ag-PVP=15mg Agl ™’
and Ag,S=15mg Agl!). Selected concentrations corre-
sponded to the ECyy values for reproduction for each Ag form
[11,20]; the actual effect level was assessed in a reproductive tox-
icity test with the parent generation (see below). Continuous
exposures of these concentrations were conducted in 9 cm Petri
plates containing 4 ml SSPW exposure medium with OP50 at
O.D. 0.35 on 10 ml SSPW agar.

After 96 h, the next generation of eggs was isolated through
NaClO bleaching egg preparation and transferred to respective
freshly prepared exposure media. This procedure was repeated
for each generation. After the F5 generation, each population
was split and half of the remaining individuals were further
exposed until the F10 generation was reached. The other half
of the individuals was maintained in clean medium for four
further generations to assess the potential for recovery after ces-
sation of exposure and subsequent re-exposure in offspring
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Figure 1. Experimental design for multigenerational study. (a) Continuous exposures were carried out in clean medium (UnExp-Reference) and at AgNO; =
0.10 mg Ag ™", Ag-PVP = 1.5mg Ag |~" and Ag,S = 15 mg Ag |~". Recovery populations were transferred to clean medium after exposure until generation
F5. (b) Effect of exposure to different concentrations of the respective Ag treatment and in clean medium (MGExp-control) on reproduction, lifespan and size was
tested at parent (P), F2, F5, F8, F10 offspring generation and for populations unexposed after F5 until F10 (recovery generation). (Online version in colour.)

generation 10 (figure 1). Throughout the entire test, unexposed
control populations were reared through generations as for
the exposed lines. Life-cycle traits of individuals in these refer-
ence control populations were assessed at the same intervals as
the treated populations. Throughout the study, two types of
control were used and different abbreviations have been
assigned to identify these in the analysis: (i) continuously unex-
posed reference populations to account for culturing effects,
referred to as unexposed reference populations ‘UnExp-
Reference’; and (ii) individuals taken from continuously exposed
ancestral generations that are transferred into clean medium and
served as control within the toxicity test conducted for each phe-
notyped generation, referred to as multigenerational exposed
control population ‘MGExp-Control’.

(i) Toxicity test to measure life-cycle traits
Toxicity bioassays were conducted for the parental (P) and off-
spring generations F2, F5, F8 and F10, and the recovery
populations at offspring generation 10 (R). For this test, a subset
of eggs was exposed in six-well plates (1 ml SSPW on 2 ml SSPW
agar, E. coli strain OP50 O.D. 0.35, 20°C in constant dark) to concen-
tration ranges of 0.05-1.52 mg Ag1™' AgNO3, 0.75-24 mg Agl™!
Ag-PVP and 7.5-240 mg Agl~' Ag,S. The concentration ranges
were adjusted in the course of the assay to account for increases
in sensitivity at later generations (AgNO;, Ag-PVP for F10 and
Ag>S for F5-F10, R) by dropping the highest concentrations and
adding another twofold dilution of the lowest concentration.
Initial exposures were conducted for a cohort of L1 juveniles
for each biological replicate population in bulk for 24 h. This
initial bulk exposure limited loss of replicates due to mechanical
injury of the fragile eggs during the distribution and allowed for
transfer of only viable juveniles for brood size assessment. After
24 h exposure, two individuals per replicate population were
randomly selected and transferred to the corresponding Ag treat-
ment concentrations in one well of a six-well plate (five replicates
per test condition). Thereafter at 48 h intervals, adults were trans-
ferred into fresh medium to ensure constant exposure conditions.
After adults were removed, eggs and hatched juveniles were
counted. Reproductive toxicity was measured as decrease in
the total number of offspring produced per nematode compared

with the respective control (MGExp-control), as average between
the two individuals in each well. Lifespan of the 10 individuals
per treatment was assessed by recording the mortality for each
individual daily.

To determine the effect of the six tested Ag concentrations
per material on growth, 10-20 individuals were taken from
each of the five replicate bulk exposures per concentration 48 h
after egg preparation. These nematodes were killed/preserved
in 5ul 10% (w/v) sodium azide and photographed using an
EVOS core XL photo microscope. The area and length of five
individuals were measured per replicate (i.e. a total of 25 individ-
uals per concentration) with ImaGe-Pro Express v. 4.5 (Media
cybernetics, Rockville, MD, USA) and their volumetric length
(cubic root of body volume) was calculated.

(c) Statistical analysis

As each Ag form was shown to have greatly differing toxicity,
analysis was carried out separately for each material. Results of
the reproductive toxicity tests were analysed for concentration—
response relationships in SiGmarLoT v. 12.0 (Systat Software, San
Jose, CA) and fitted a nonlinear three parameter logistic
regression estimating upper asymptote, ECsy and slope par-
ameters for each of the generations and Ag treatments.
Responses were compared across generations using the F-test
to define F- and p-values for the difference between concen-
tration—response curves [24]. No regression curves could be
fitted to lifespan and body size data. Hence, analysis was con-
ducted by two-way analysis of variance (ANOVA) using
general linear models (GLM) in Mmnitas v. 16, with ‘exposure
generation” and ‘tested Ag concentration” as fixed factors and
‘generation X tested Ag concentration” as the interaction term.
Where significant treatment differences were found, Tukey’s
pairwise comparisons were used to identify significant differ-
ences between generations and conditions. Assessment using
Kolmogorov—Smirnov and Leven tests showed some statistically
significant deviations from assumptions of normality and homo-
scedasticity. As these had the potential to affect the validity of the
GLM results, we further conducted non-parametric tests to vali-
date findings. In all cases, observation of significance was in full
agreement. Thus for simplicity we refer to GLM results. Results

LL6ZSLOT €8T § 20S °Y 20id  biorbuiysigndfranosiesorqdsi H



of all statistical tests are reported in the electronic supplementary
material.

3. Results

(a) Exposure validation and characterization

Ag concentrations in the measured 10% of all test solutions
showed close agreement to stated nominal concentrations
for both AgNOs3: 93.1 + 2.5% and Ag,S: 90.8 + 3.4%. Given
this agreement, all treatments and calculated values are for
simplicity hereafter given with reference to their stated nom-
inal concentrations. Ag concentrations for Ag-PVP exposures
were only 60.2 +4.2% of nominals across all measured
samples; they were therefore recalculated using the average
recovered percentage and these values were used for
subsequent analyses.

NTA analysis of Ag-PVP showed the number averaged
hydrodynamic diameter (79 nm) of the dispersed ENPs
immediately after addition to the SSPW not to be signifi-
cantly different to that of the primary ENPs (60 nm). The
Ag,S ENPs immediately aggregated (hereafter referred to as
clustered) from 85 nm in the primary particle suspension to
243 nm after addition to the medium. Over the 96 h exposure,
a slight increase in the cluster size of the dispersed ENPs was
observed and only minor change to the zeta potential (elec-
tronic supplementary material, table S1). NTA showed sizes
for Ag-PVP ranging from 79 nm at the start of the exposure
to a maximum hydrodynamic diameter of 105nm after
72 h. Analysis of the Ag,S ENPs showed a temporal increase
in mean hydrodynamic diameter from 243 nm at the start of
the exposure to 298 nm at 48 h followed by a decrease to
213nm at 96 h. Zeta potential of both ENPs in the test
media shifted from —2 to —5 mV over the test duration indi-
cating an unstable suspension compared with the stock zeta
potential (Ag-PVP —11.6 mV, Ag,S —19.2 mV).

Measurements of dissolution rate over 96 h showed 1.5 +
0.1% dissolution of Ag-PVP and 0.023 + 0.002% of Ag5,S.
A separate analysis of the level of AgNO; from test solutions
indicated a recovery of only 72.9 + 0.4% after ultrafiltration.
This suggests some loss of dissolved Ag species to the filter
membrane potentially due to incomplete pre-conditioning
of the membrane with Cu [25] or at other points in the
sample preparation.

(b) Nematode life-cycle trait response to exposure

(i) Reproductive toxicity: parental generation

Reproductive output of the parental (P) generation was
decreasing in a concentration dependent manner with
increasing concentration. Ag exposure significantly (p <
0.05) reduced reproduction compared with unexposed
controls for AgNO; concentrations above 0.30 mg Agl™*,
Ag-PVP concentrations above 9.6 mg Agl ' and Ag,S con-
centrations above 15mg Agl™' (electronic supplementary
material, figure S1). Reproduction ECs values (+s.e.) were
ordered ionic Ag > pristine Ag-PVP > sulfidized Ag,S,
being 0.23+0.07mg Agl™' for AgNOs;, 422+ 143 mg
Agl™! for Ag-PVP and 12.02 +3.05mg Agl ' for Ag,S,
respectively (p < 0.05). The concentrations used for continu-
ous exposures corresponded to an ECss value for AgNO;,
an ECys5 for Ag-PVP and an ECs¢ for AgsS in the parent gen-
eration instead of the anticipated EC3y (which were 0.07 mg

Agl™!, 1.32mg Agl ™' and 6.0mg Agl™!, respectively). [ 4 |

Hence, there were slight differences in the initial toxic
pressure among the Ag forms.

(i) Multigenerational exposure

Continuous multigenerational exposure to Ag (ionic and par-
ticulate) gradually increased time to first egg laying. By
generation F9, the egg-laying period before age synchroniza-
tion had to be extended from 96 to 120 h in the silver-exposed
populations to produce sufficient offspring for toxicity
testing in F10. This delay was not seen in the reference
population (UnExp-Reference) nor in any of the recovery
populations, and gave an important indication of the
impact of multigenerational exposure on a life-cycle trait
(time to reproduction) not measured in the short-term tox-
icity bioassay. Further, one of the five Ag,S-exposed
populations stopped reproducing entirely at F9 and therefore
could not be included in further testing, reducing replicate in
the Ag,S F10 test to four biological replicates.

No difference in number of offspring was found between
UnExp-reference and the nematodes from MGExp-control in
the short-term bioassays for each of the F2, F5, F8 and F10
generations (GLM: treatment F3o9, = 0.97 p=0.412, gener-
ation Fs94 =436 p=0.001, interaction treatment x
generation Fi594 = 1.01 p = 0.370; electronic supplementary
material, figure S3). There was a slight initial increase from
the parent to the offspring generations that was similar for
UnExp-reference and MGExp-control (no significant differ-
ence for ‘treatment’ or the ‘interaction element’), potentially
caused by adaptation to the experimental conditions, yet as
it was stable thereafter it was deemed biologically insignifi-
cant. In all generations exposed to all Ag forms, a
significant concentration-dependent decrease for reproduc-
tion was found. Comparison of reproductive toxicity
concentration—response relationships between generations
(F- and p-values in electronic supplementary material, table
S2) revealed a significant increase of sensitivity compared
with P generation in the F2, and that remained stable over
all subsequently tested offspring generations for both
AgNO; (figure 2a; electronic supplementary material, figure
S3a) and Ag-PVP exposure (figure 2b; electronic supplemen-
tary material, figure S3b). ECsy values were up to 7.3-fold
lower for AgNO; and up to 18.6-fold lower for Ag-PVP
compared with P population values. In both the AgNOj;
and Ag-PVP treatments, a small reduction in sensitivity
was indicated for F10s. Changes in sensitivity in multigenera-
tional exposed populations changed the expected effect of
the continuous exposure concentration from an ECjs to
ECg3—-ECge for AgNO; and an ECys to an ECs5—-ECy3 for
Ag-PVP-exposed F2-F8 generations (electronic supplemen-
tary material, table S3). A slight reduction in F10 sensitivity
reduced this effect severity for the multigenerational
exposure to an ECj9 and ECy3 for AgNO; and Ag-PVP,
respectively. This resulted from changes in the shape
of the response curves with ECs, levels remaining lower
than the P generation.

AgyS exposure resulted in a concentration-dependent
decrease in reproductive output in each generation (F- and
p-values in electronic supplementary material, table S2).
However, comparison of generational responses showed a
significant change in the concentration—response for Ag,S
only in the F5, F10 and recovery (R) generations (figure 2;
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electronic supplementary material, figure S3c). This change
was associated with differences in the slope parameter, not
the ECsy values. ECsy values for reproduction were lower
than P generation only in the F8 and F10 generation (approxi-
mately twofold). While suggesting a possible increase in
sensitivity, this observation alone cannot unequivocally sup-
port a multigenerational increase in sensitivity without
extension of the exposure and testing for additional gener-
ations. The effect of the continuous exposure concentration
varied over the course of the experiment, being greater than
ECs in all tested generations, however, with no clear pattern
(electronic supplementary material, table S3).

Toxicity testing for AgNO; or Ag-PVP in the R
generation nematodes (previously placed in a recovery
environment) did not show a recovery of sensitivity com-
pared to the P populations (F- and p-values in electronic
supplementary material, table S2). Sensitivity was even
increased compared with the simultaneously maintained
continuously exposed F10 populations (F=16.202, p <
0.001 and F=18.609, p < 0.001, respectively). Thus, while
the ECsy of the F10 populations increased, those of the R
populations were similar to those of the F5 (i.e. their last
exposed ancestral generation). This suggests a transfer of sen-
sitivity across the multiple unexposed generations. Ag,S
again induced a different response pattern compared with
AgNO; and Ag-PVP in the R populations. A significantly
different concentration—response was observed in the R
nematodes compared with the P generation (F=3.677, p =
0.02). However, this difference was associated with an
increase in the slope rather than a change in the median
effect concentrations as observed for AgNO; and Ag-PVP.
Indeed, there was no significant difference in sensitivity
expressed by ECsy in the R generation compared with
the continuously exposed F10 and last exposed ancestral
F5 generation.

(iiii) Lifespan
Multigenerational exposure to different Ag forms did not sig-
nificantly alter the lifespan of nematodes in MGExp-Control
for the silver-exposed populations compared with the
UnExp-Reference (figure 3a; GLM: treatment: Fjp05 = 0.31
p=0.818, generation F55p5=>5.29 p <0.001, interaction
treatment x generation Fq5505 = 0.97 p = 0.489). In only two
cases, there was a change in the average MGExp-Control
nematode lifespan (increase in F5 for Ag-PVP, decrease in
F8 for Ag,S); however, with no clear underlying pattern.
Multigenerational exposure of nematodes to each Ag form
caused a concentration-dependent reduction in lifespan in

several generations (figure 3b—d; for model fits, d.f, p- and
F-test values see electronic supplementary material, table S4).
Overall, these effects were strongest in early generations and
lost in later generations (i.e. after F8 for AgNOj;, F10 for Ag,S
and in all R generations). This may have been the result of
various mechanisms such as microevolution based on genetic
variation resulting from mutation occurring in the test system.

(iv) Body size

Comparison of the MGExp-Control nematodes across gener-
ations found that sustained exposure significantly reduced
the size of offspring for AgNO; and Ag-PVP after 10 gener-
ations, while Ag,S induced such effects from F5 onwards
(figure 3e; GLM: treatment: F5 5g5 = 11.54 p < 0.001, generation
Fs585 = 3722 p <0.001, interaction treatment x generation
Fi5585 = 6.30 p < 0.001). Exposure to AgNO; and both Ag
ENP forms resulted in reductions in the size (measured as volu-
metric body length) of exposed nematodes at 48 h after age
synchronization of eggs in each tested generation. The multi-
generational exposure had a highly significant impact on the
nature of these concentration—response relationships (GLM:
interaction treatment x generations AgNO;: Fz 700 = 9.39 p <
0.001, Ag-PVP: Far4y = 12.0 p < 0.001, AgoS: Faoeer = 3.70
p < 0.001). In the AgNOj3- and Ag-PVP-exposed nematodes,
concentration-dependent decreases in size were found for P,
F2 and F5 generations (figure 3f,g). At F8 and F10, this response
was altered to a threshold concentration—response pattern,
such that there was very little difference in the severity of
response between silver concentrations (figure 3f,g). This
change in response pattern was not seen as clearly for Ag,S
(figure 3h). The R populations revealed a strong concen-
tration-dependent decrease in size for both AgNO; and
Ag-PVP with a response pattern similar to the F5 nematodes
(i.e. their last exposed ancestral generation) in both cases. The
R generation from the previously Ag,S-exposed nematodes
showed a similar concentration-dependent decrease in size to
the parent generation, suggesting recovery after the series of
unexposed generations.

4. Discussion

The persistence of ENPs in natural environments, in different
physically and/or chemically modified forms (e.g. sulfidation
in the case of Ag ENPs), means that multigenerational
exposure of organisms is a highly relevant exposure scenario.
Understanding such effects, including responses following
the removal of the exposure over generations as a study of
the ‘memory’ effect of past exposure on traits, should

LL6ZSLOT €8T § 20S °Y 20id  biorbuiysigndfranosiesorqdsi H



lifespan

(a)
20 4
@ UnExp-Reference

_ B AgNO,
é‘ DAgPVP
=

% BAg,S

<

parent F2 F5 F8 F10 recovery
)
20 4 *
B MGExp-Control
m0.05 mgl!
= m0.10 mg 1!
g 0.19 mgI-!
g m0.19 mg
< m0.38 mgl™!
E D0.76 mg 1!
= O1.52mgl!

parent F2 F5 F8 F10 recovery

B MGExp-Control

W0.45mgl!
= W09 mgl!
-

3 E18mgl!
g m3.6 mgl!
2

& O7.2mgl!

parent F2 F5 F8 F10  recovery

B MGExp-Control

m3.75mgl!
= B7.5mgl!
é‘ ®15mgl!
] B30 mgl!
z 060 !
= 08
- 0120 mgl-!

0240 mg 1!

parent F2 F5 F8 F10 recovery

body size
(e)
0.05 4
e B UnExp-Reference
=N
= 0.04 O AgNO;
2
2 0.03 @ Ag-PVP
§ WAg,S
g
S 002 2
‘"
o
Eom
o
>
0
parent F2 F5 F8 F10 recovery
0.05 4

2 & MGExp-Control
= m0.02 mgl!
éo m0.05 mgl!
=
2 m0.10 mg 1!
§ m0.19 mgl!
2 00.38 mgl!
=)
2 00.76 mg 1!
= 01.52mgl!
e

parent F2 F5 F8 F10 recovery
®
0.05
~ & MGExp-Control
\Eg 0.04 - m0.225 mg ™!
§> W0.45 mgl-!
1 -1
% 0.03 B0.9 mgl
2 B1.8mgl’!
2 0.02 03.6 mgl!
£ 072 mgl!
= 001 4 1
S 0144 mgl
0 4
parent F2 F5 F8 F10 recovery
Q)
0.05

& MGExp-Control

\%. m3.75mgl!

gb m7.5mgl!
-1

;.‘;‘ W15 mgl

3 B30 mgl!

o

2 @60 mgl!

2 0120 mgl!

=

E 0240 mg 1!

parent F2 F5 F8 F10 recovery

Figure 3. (a) Lifespan (days) and (e) volumetric body lengths of controls for each generation after different generations of continuous exposure, average + s.e.
Asterisks indicate significant differences of MGExp-control compared with UnExp-Reference, *p = 0.05, **p = 0.01. (b—d) Lifespan (days) of nematodes exposed to
(b) AgNOs, (c) Ag-PVP and (d) Ag,S exposure after different generations of continuous exposure, average + s.e. (f—h) Volumetric body length of nematodes
exposed to (f) AgNOs, (g) Ag-PVP and (h) Ag,S at 48 h after age synchronization after different generations of continuous exposure, average + s.e. Asterisks
indicate generation with a significant (p = 0.05) concentration-dependent effect on lifespan within a generation.

therefore be a key area of research for environmentally rel-
evant ENP effect assessment. Here, in such a study,
nematode exposure of parental and subsequent multigenera-
tional exposed cohorts of nematodes to all forms of Ag
showed a strong concentration-dependent effect on brood
size and final body size, but not consistently on lifespan.
While these general patterns of effects were similar, the
manner in which different traits respond to the multigenera-
tional exposure differed between Ag forms.

For Ag-PVP- and AgNOj-exposed worms, patterns of
response to continuous population exposure were broadly
similar for all assessed endpoints. Continued exposure clearly
changed population sensitivity. The apparent ‘sensitization’
was not recovered (i.e. did not return to that of previous

unexposed worms) by further extension of the exposure
except in the F10 generation, where slightly reduced repro-
ductive sensitivity was observed. This slight recovery in the
F10 population is unlikely to result from the development
of tolerance given the need for such development to occur
through similar functional mutations occurring in replicate
populations, leaving the cause of the change at present uncer-
tain and emphasizing the need for further research in this
area. Increases in time to egg laying in later generations
required a slight change to the test protocol (extension of
exposure per generation from 96 to 120 h) prior to egg iso-
lation. Currently, we cannot exclude the possibility that this
subtle change may have affected offspring in an as-yet
uncharacterized way with an effect on tolerance.
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The sulfidized Ag,S ENPs produced a different multige-
nerational effect pattern from the greatly
reproductive sensitivity over generations observed for
AgNO; and Ag-PVP. Similarly, while there were subtle
changes in concentration-related effects on body length, the

reduced

overall pattern of the concentration-related response
remained consistent across generations. Studies in plants
and invertebrates have indicated differences in the mechan-
isms of action of pristine Ag and transformed Ag,S ENPs
[11]. The parallels in the multigenerational response to the
Ag-PVP and AgNO; point to an effect driven by Ag ions,
which are recognized as the cause of ENP toxicity following
release by dissolution [26-28], while the absence of such a
parallel for Ag,S points to a different mechanism, perhaps
a particle-specific effect. This difference in mode of action
was previously indicated in C. elegans by Starnes et al. [11],
who found that the toxicity pathway for Ag,S differed dra-
matically from AgNO; and Ag ENP, and did not involve
Ag uptake for Ag,S, but rather probable cuticle damage.
Further, the slight differences in the initial toxicity level in
the multigenerational exposure (parental reproductive
ECss for Ag,S, approximate ECsy for AgNO; and Ag-PVP)
may also contribute to the difference in multigenerational
sensitization. At these different effect levels, different
biological pathways may be disrupted, especially given
the possible differences in mode of action between the
silver forms.

Ecotoxicological risk assessment of chemicals has tra-
ditionally relied on the use of short-term experimental
toxicity data, which are subsequently extrapolated to derive
predicted no-effect concentrations aimed to protect against
the long-term ecological effects of pollution on populations
in the field. To make this extrapolation, under some
jurisdictions various assessment factors may be applied to
the determined laboratory-derived effect concentrations
(although this is not always the case). Such assessment factors
can range from the division of toxicity test statistics (e.g. EC,
(concentration needed for x% effect), no observed effect
concentration) by a factor of 1000 down to division by a
factor of 3 [29,30]. The observed greater-than-10-fold increase
in sensitivity from P generation nematodes to the multigener-
ationally Ag-PVP- and AgNOs-exposed cohorts challenges
this assessment factor-based approach. The effects of multi-
generational exposure alone account for one order of
magnitude difference between short- and long-term exposure
effects (i.e. the environmental risk may in fact be much greater
than estimated from short-term testing). Further, in C. elegans,
mitigation of maternal effects was only found after at least
four generations of exposure to uranium [16,17]. The result
may be a failure of environmental protection by environmental
quality standards derived from single generation toxicity tests
in cases (such as for Ag ENPs and Ag ions) where multigenera-
tional exposure is relevant, especially in those cases where
standards are derived without use of assessment factors (e.g.
US EPA aquatic life ambient water quality criteria). Because
an increase in sensitivity was observed within the first-tested
offspring generation, already an extension of short-term tests
to include the second offspring generation could prove a valu-
able tool for assessing long-term exposure where longer tests
are not possible.

Investigating the potential for recovery from multigenera-
tional exposure remarkably showed a high similarity in the
concentration—response pattern of the recovery populations

to that of their last exposed F5 ancestral generation indepen- -

dent of the nature of the Ag exposure form. This suggests a
transfer of the underlying sensitivity through the unexposed
generations rather than any recovery. Most studies examining
the chronic effect of exposure test transgenerational effect by
studying the response of endpoints over several unexposed
generations after only a single exposed generation. These
studies have tended to indicate a persistence of the
effects to unexposed generations such as for gold nanoparti-
cles [19] and metals in C. elegans [31], and to some extent
for carbon nanotubes in D. magna [31]. In C. elegans, even
increased negative effects on individuals after cessation
of +y-irradiation compared with continuously exposed
ones were observed [32]. To our knowledge, none have so
far looked at recovery from multigenerational exposure.
Hence, we believe this observation of the transfer of sensi-
tivity across so many unexposed generations to be a novel
finding of fundamental interest for researchers interested
in understanding both mechanisms of toxicity and
also their implications for continuously and periodically
exposed populations.

There are various underlying mechanisms that may cause
the observed changes in sensitivity following the multi-
generational exposure of C. elegans to AgNO; and Ag
ENPs. The possibility that continued culturing alone or an
artificial selection towards more sensitive individuals
caused a shift in sensitivity can be excluded based on the
unchanged reproductive output and largely unaffected
growth of unexposed continuously cultured cohorts and
absence of multigenerational sensitization for the Ag,S-
exposed populations. The relatively rapid change in sensi-
tivity seen between the ancestral and F2 populations does
not point to a role of mutation in observed sensitization,
especially as these effects would need to arise independently
in multiple populations. This requirement for similar changes
to arise also probably precludes a role for mutation in the
slight increases in ECs, values observed in later continuously
exposed generations. Maternal transfer of Ag from one gener-
ation to the next is another possible mechanism of increased
sensitization. It has previously been shown in C. elegans that
maternal transfer of Ag ENPs is possible [33]. However, if this
were the case then sensitization should decrease fairly dra-
matically with each generation in the recovery populations
after the source of exposure is removed because the quantity
of Ag transferred to offspring is only a fraction of the
maternal body burden.

Given that the changes in sensitivity were retained over
multiple unexposed generations, with toxicity levels match-
ing those of the last exposed ancestral generation, a likely
mechanism is through the epigenome. Epigenetic mechan-
isms such as DNA methylation, histone tail modification
(e.g. acetylation, methylation) and microRNA expression
can alter genome function in response to external stressors
[34,35]. All of these processes have been found to be affected
by ENP exposure, although to date most studies have been
carried out in cell lines and have yet to be confirmed in vivo
[34]. While epigenetic effects of ENP exposure have not yet
been studied in C. elegans, microRNA has been found to be
involved in the transgenerational effects of starvation on
C. elegans for at least three generations and histone modifi-
cation in the transfer of longevity and germline mortality
[36-38]. If, as is possible, the effects of AgNO3; and Ag-PVP
on life-cycle traits are mediated through effects on

~
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metabolism and resource acquisition, then our results of
the transfer of sensitization may in part parallel these
transgenerational effects observed for starvation.

As well as microRNA, other epigenetic mechanisms may
also play a role in inherited sensitivity. DNA methylation
at the fifth position in cytosine (5mc) as well as homologues
of cytosine methyltransferase have not been identified in
C. elegans, and it was generally accepted that DNA methyl-
ation does not occur in this species [39]. However, a
recently published study [40] confirmed DNA methylation
on N-6 Adenine (bma) and it raised a possibility for these
changes to be associated with epigenetic inheritance. The
second epigenetic mechanism, histone methylation, has
been shown in C. elegans and the role of histone H3K36
methylation has been suggested in the epigenetic memory
[41]. Also interesting is the finding of the crosstalk between
6ma and histone methylation, which enhances the possibility
of both mechanisms in transferring epigenetic information
[40]. A further mechanism also found in C. elegans that
may be involved in epigenetic modulation is through the
polycomb group protein complex (PcG), associated with
maintaining the so-called ‘developmental memory’, which
is a memory of transcriptional states for important develop-
mental genes [39]. With a range of mechanisms potentially
contributing to the retention of sensitivity, further work is
clearly warranted to investigate the range of mechanisms
possibly involved. Such studies may include sequencing
and analysing microRNA expression levels or comparison
of the chromatin state and possible methylation structure
across different generations in each of the continuous
exposure and the recovery populations as contributors to
retained epigenetic toxicity in C. elegans, or indeed any
other in vivo system. Given the novelty of our findings, we
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