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Toxicogenomics in a soil sentinel exposure to Zn
nanoparticles and ions reveals the comparative
role of toxicokinetic and toxicodynamic
mechanisms†
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A critical question for read across of the hazards of nanomaterials is the degree to which their mechanisms

of action differ from those of their bulk chemical constituents. It has been established that metal and metal

oxide nanoparticles (NPs) can be accumulated by invertebrate species. Moreover, it has been hypothesised

that the observed toxicity resulting on exposure to these nanomaterials is most likely to be associated with

the releases of ions from external or internal dissolution leading ultimately to toxicity. However,

mechanistic confirmation of the similar modes of action for metal oxide nanomaterials and metal ions in

studies invertebrates are largely lacking. Therefore, here we present a toxicogenomic study using exposed

individuals of the earthworm Eisenia fetida from a single genetic lineage. We compared gene expression

and pathway responses through RNA-seq analysis at equitoxic concentrations (EC50 for reproduction) of

ZnO NPs and ionic Zn. We found similar transcriptomic effects for both Zn forms with genetic signatures

of tight control of cytosolic Zn concentrations through expression changes of genes encoding several Zn

transporters. Activation and regulation of JUN, MAP and JNK kinases indicated a cellular response to the

increased Zn concentrations of both forms with compound binding terms also enriched. Our results

illustrate the need to consider both toxicokinetic and toxicodynamic mechanisms in the development of

adverse outcome pathways for nanomaterials.

1. Introduction

There is growing evidence that metal and metal oxide
nanoparticles (NPs) can be accumulated by invertebrate
species1–5 and that, at sufficient exposure concentrations,
they can cause toxic effects.6–11 The dominant paradigm of
nanoecotoxicology suggests that it is the uptake and
accumulation of the metal ions that are released following
the dissolution of the pristine NPs that are the dominant
cause of observed toxicity. This reflects that such released
metal ions are recognised as being readily available to species
for subsequent translocation around the body where they can
interact with biomolecules.12 The attribution of the toxicity
on metal and metal oxide NPs to their constituent chemicals
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Environmental significance

The principal paradigm in nanoecotoxicology currently suggests that the dominant cause of observed toxicity is the uptake and accumulation of the metal
ions released following dissolution of pristine NPs. The attribution of the toxicity on metal and metal oxide NPs to their constituent chemicals provides
useful read across, as it means that data for the metal itself (ions) can be used to support hazard identification for NPs fabrication. The current study
confirms that exposures to the essential metal ion Zn in ion or NPs form results in stimulation of the same cellular pathways, representing a conserved
toxicodynamic response, whilst exposure to Zn NP enhances the amplitude of the response by influencing the mechanism of uptake, indicating altered
toxicokinetic modality.
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is potentially useful for read across, as it means that data for
the metal itself (e.g. in ionic form) can be used to support
hazard identification for NPs fabricated from that
element.13

The temporal dynamic of NP dissolution may mean that
NP dissolution in the specific exposure medium or on
accumulation into the organisms itself cannot proceed to
completion over short exposure times typical of many toxicity
tests (generally from 1–28 days depending on the tested
species). Hence, a common finding from short-term toxicity
tests is that NPs cause lower toxic effects than a similar
concentration of metals added in a soluble “ionic” form.14

Longer-term studies over extended time-scales have suggested
that with extended incubation time to allow full dissolution,
toxic effects can match those of added ions.15,16 Findings of
the key role of dissolution in determining the toxicity of
metal and metal oxide NPs suggest that the dominant
mechanisms of NP toxicokinetics and toxicodynamics will
match those for ionic forms. However, mechanistic evidence
for this hypothesis of similar mechanisms of action of NPs
and constituent ions is largely lacking, especially in studies
with invertebrate species.

Zinc oxides (ZnO) is a class of nanomaterials widely used
in product and applications. Uses of ZnO NPs include as UV
protector and pigment in cosmetic products including
sunscreens, pharmaceuticals, and foods. These applications
may result in direct ZnO entry into the environment (e.g.
through potential use as a fertiliser to address micronutrient
Zn deficient17) or following release from paints. Further
emissions may also occur via wastewater streams,18 wherein
they may be chemical transformed (e.g. sulphadised,
phosphatised19,20), before being potentially released to the
environment via sewage sludge applied to land.21–23 As an
essential element, zinc is required for the normal biology
through its role in the cell cycle (mitosis), as enzyme co-
factors and in signaling cascades.24,25 However, Zn supply
can also cause toxic effects. Hence, there is a need to better
understand the mechanisms through which ZnO NPs interact
with soil organisms, including similarity to relatively well
studied ionic forms.

The advent of next generation sequencing has allowed
nanotoxicogenomic studies to assess the nanomaterial effects
through transcriptomics,9,26,27 including for ZnO NPs.
Poynton et al.28 found that ZnO NPs and Zn introduced as a
dissolved salt solution (throughout termed “ionic zinc”)
caused similar gene expression pathway effects for Hyalella
azteca following exposure at equitoxic concentrations. Landa
et al.29 also found a high overlap in the pathway affected by
exposure to nano-scale, non-nano “bulk” and ionic Zn in
Arabidopsis thaliana although 58 significant transcripts were
found for the ZnO NPs exposure, most of which were
associated with signal transduction and stress response
processes. Li et al.30 found both similarities and differences
in ZnO NPs and ionic Zn exposed Mytilus galloprovincialis. In
particular, the ZnO NPs exposure caused effects on apoptosis
and the antioxidant system that were not observed in the

ionic exposures. Hence, uncertainty remains on the degree of
overlap between the mechanisms of effects of ZnO NPs and
ionic Zn and as a result in the potential for nano-specific
effects.

Earthworms are a valuable model for assessing the
mechanisms of action of nanomaterials that may reach the
soil environment. In a previous nanotoxicogenomic study
for earthworm exposed to Ag NPs and ionic Ag, the main
mechanistic difference was associated with differences in
expression of genes associated with endocytosis and cilia
function. These differences suggest that NPs may be
internalised by cells following uptake through these
vesicular routes.9 Given that vesicles are already implied in
cellular Zn metabolism, the potential exists for ZnO NPs to
undergo direct endocytosis. Such interactions have the
potential to affect comparative cellular distribution and
concentrations of ZnO NP versus ionic form, potentially
leading to nanospecific effects. To understand the potential
mechanism of action of ZnO NPs compared to ionic Zn
toxicity in earthworms, we here undertake a toxicogenomic
study in a single genetic lineage of the earthworm Eisenia
fetida. Gene expression and pathway responses are
compared through RNA-seq analysis at a similar effect level
(EC50 for reproduction) in order to resolve the mechanistic
effects of both Zn forms. Our hypothesis is that the toxic
effects of ZnO NPs can be attributed to exposure to ionic
Zn through NP dissolution and, hence, we expect to find
similar transcriptomic pathways effects following exposure
to the ZnO NPs and ionic Zn.

2. Methods
2.1. Test medium

The test soil was Lufa 2.2 (LUFA Speyer, Germany) from a
batch supplied that had a pH of 5.5 ± 0.2 (mean ± SD) as
measured in a 2.5 : 1 0.01 M CaCl2 soil slurry mixture, an
organic carbon content measured by furnace combustion at
550 °C of 1.76 ± 0.26 w/w%, a measured cation exchange
capacity of 10.2 ± 0.5 meq 100 g−1, and a water holding
capacity (WHC) of 42 g per 100 g. The soil was air-dried and
<2 mm sieved and 500 g dry weight of soil in a 183 × 120 ×
70 mm polypropylene container used for each replicate.

2.2. Experimental animals

Eisenia fetida were obtained from a commercial source
(Blades Biological, Kent, UK). All adult and suitably sized
(300–600 mg) individuals selected for the study were first
confirmed to be a true morphotype E. fetida by checking for
the clear presence of full striped coloration. All earthworms
were initially maintained in culture soil constituting by
volume of 33% loamy soil, 33% peat and 33% bark held at 20
± 1 °C in a 12:12 hour light:dark cycle. During culturing the
earthworms were fed excess fresh horse manure to ensure
that the earthworms were adults for testing.31 The manure
was free from contamination or medication.
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2.3. Chemicals

The ZnO NPs selected for this experiment was NanoSun zinc
oxide P99/30 obtained from Microniser Pth Ltd (Dandenong,
Australia). NanoSun P99/30 has a near-spherical shape, a
nominal average particle size of 30 nm, no coatings or
surface modifications and is supplied as a white odourless
dry powder of 99.5% purity. These particles were from an
identical batch as used by Heggelund et al. where full
characterisation details can be found (also see Results
section).5 Particles were stored in the dark in a cool, dry place
away from any light source and TEM confirmed storage did
not change the particles (see Results). In short, the
hydrodynamic diameter of the particles in the stock
suspension and the zeta potential were determined by
dynamic light scattering (DLS) and laser Doppler
electrophoresis (LDE) respectively using a Malvern Zetasizer
Nano ZS. Density measurements were carried out with a
helium pycnometer (Micromeritics AccuPyc, model 1340).
Specific surface area (SSA) of powders was measured by
Brunauer–Emmett–Teller (BET) method (Micromeritics
AccuPyc, model Gemini 2360). Having the specific surface
area, and assuming that all particles were spherical and
identical, the average diameter of the particles was
calculated. X-ray diffraction (XRD) with a Philips X'pert Pro.
Diffractometer (PANalytical) was performed to confirm the
NPs' crystallographic phase as ZnO.5 The solid powders were
placed in sample holders at room temperature and analyzed
with Cu Kα radiation at 2 theta angles from 10 to 100 with
0.03° step. Particle size was determined by Scherrer equation.
In addition to the NanoSun ZnO NP and Zn salt reference
ZnĲNO3)2·6H2O (Sigma Aldrich, UK) was used to produce a
putative Zn ionic treatment.

2.4. Experimental design and dosing

The toxicity test procedure followed the OECD guideline 222
(earthworm reproduction test Eisenia fetida/andrei).31

Exposure concentrations were 0, 225, 500, 1100, 2200, 4400
mg Zn per kg (DW soil) for the ZnO NPs and 0, 100, 225, 500,
1100, 2200 mg Zn per kg (DW soil) for the ionic Zn. Three
replicate containers were used for all Zn treatments and six
replicates for the control treatment. All exposures were run
concurrently allowing benchmarking against the common
control. The ZnO NPs were dosed into the soils directly in
the dry powder form. Initially, the amount of powder
required was added to a 50 g subsample of the test soil and
mixed thoroughly by hand. This aliquot was then added to
the remaining soil and mixed to ensure even distribution. An
appropriate volume of MilliQ water was then added to
increase moisture content to 50% of the soil water holding
capacity. To dose the ionic Zn salt treatments, a stock
solution of zinc nitrate (nominal concentration 15.13 mg Zn
per ml) was added to the test soils and moisture content to
50% of the water holding capacity. Dosed soils were left for
one week to allow initial equilibration before the test
organisms were introduced.

2.5. Toxicity test procedure

To initiate the experiment, the ten adult, fully-clitellated
earthworms were weight as a group (average weight ± SD of
10 earthworms = 5.12 ± 0.42 g) and then added to the soil
surface and allowed to burrow into the soil. As food, 10 g dry
weight of horse manure wetted to 80% water holding capacity
was added to the soil surface in each container. All
containers were placed in a controlled temperature room
(temperature and photoperiod as above) for a total of 56
days. Over the duration of the test, soils were monitored and
any lost water replaced.

After 14 days, the containers were sorted and the numbers
of live earthworms counted. Retrieved earthworms were
washed, blotted dry and weighed as a batch. The soil was
returned to the test containers along with the weighed
earthworms and an additional 10 g dry weight of wetted
horse manure was added to the soil surface. The containers
were maintained for further 14 days. At 28 days exposure, the
earthworms were again sorted from the soil and survival and
weight recorded. All surviving individuals were then kept on
moist filter paper for 24 h to allow them to purge soil from
the intestinal tract before snap freezing and storage at −80 °C
for later analysis. After adult earthworms were removed, the
soils were kept under controlled conditions for a further 28
days to allow juveniles to hatch from laid cocoons. At the end
of this period, the containers were placed in a water bath at
60 °C for 15 minutes to heat force any juveniles to the soil
surface for easy counting. The counts of juvenile present and
the adult survival data were used to calculate reproduction
rates (juveniles/earthworm/week).

2.6. Soil pore water pH and soil and earthworm tissues zinc
concentration

MilliQ water was added to 25 g dry weight equivalent of soil
sampled at 56 days to raise the moisture content to 100% of
water holding capacity. One sample was collected per
replicate. The saturated soils were left overnight to
equilibrate and were centrifuged at 4000g through glass wool
to collect a pore water sample. This collected pore water for
each replicate was pooled to give a single sample per
treatment. A subsample of the pore water was ultra-filtered at
10 kDa (Amicon Ultra-15 Filters, Millipore, Ireland) for 1.5 h
in order to separate soluble Zn from the nanoparticulate
fraction. This ultra-filtered sample was a measure of the
soluble Zn in the pore water. These filtered extracts were
used for the analysis of soil pH using Sartorius Professional
Meter PP-25, Sartorius AG, Goettingen, Germany;
combination pH probe, filled with 3 M KCl and total Zn
concentration following an established inductively coupled
plasma mass spectrometry (ICP-MS) method.32 Metal
concentrations were further also measured in collected soil
samples and earthworm tissues (three earthworms per
replicate) samples. Approximately 0.75 g of dried soil or 0.5
g of freeze-dried whole earthworm was refluxed with a 3 : 1
mixture of aristar grade hydrochloric and nitric acids at
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140 °C for 2.5 h. After digestion, the solutions were allowed
to cool and filtered using copper soaked Whatman number
540 (12.5 cm diameter) filter papers. Digests were made up
to 50 ml with 0.5% v/v nitric acid and analysed by ICP-MS
using a Perkin Elmer Nexion 300D instrument.

2.7. Worms for transcriptome analysis

Earthworms from the exposure concentration closest to
EC50reproduction values for ZnO NPs and ionic Zn were used for
the transcriptome analyses. Stored individuals were initially
crushed under liquid nitrogen with a pestle and mortar to
provide a powdered tissue sample. A total of 15 individuals
per selected treatment were genotyped (five per replicate as
shown in ESI† File S1) to ensure that only earthworms from
the same lineage were taken forward for full RNAseq analysis.
Genotyping was conducted using DNA extracted from 25 mg
of tissue using the DNAeasy Tissue Kit (QIAGEN) protocol. A
fragment of the mitochondrial gene cytochrome c oxidase
subunit I (COI) was amplified using the primers LCO1490
and HCO219833 following Novo et al..9 Sequences were
aligned in CLUSTALX v. 2.0.12.34 Haplotypes were retrieved
in DNAcollapser35 and compared to those from Novo et al.9

Earthworms from the same lineage of Eisenia fetida were
selected for RNA extraction in next step (see haplotypes in
S1† and their location within a phylogenetic tree in Novo
et al.9).

Transcriptomes were generated for ZnO NPs and ionic
Zn exposed genotyped individuals from each true
biological replicate container for the exposure
concentration closest to the respective EC50reproduction and also
the control (one earthworm per replicate, three replicates
per treatment, except in one case, see S1†). RNA was
extracted from 50 mg aliquot of powdered tissue of each
selected individual by combined extraction in 1.5 ml of
Trizol and column purification approach using RNeasy
mini kit (QIAGEN) as described in Novo et al.9 RNA
integrity was verified using Bioanalyzer (RNA Nano Chip)
and was sent to BaseClear (www.baseclear.com) for library
preparation and transcriptome sequencing. Ten libraries
were prepared and multiplexed following Tru-Seq
(Illumina) protocol and sequenced on Illumina Hi-Seq
2000 using a 50 cycle single-ended protocol designed to
yield a minimum of 20 million reads per sample. The
data was checked for base quality and filtered for data
passing the Illumina chastity default parameters.
Sequences containing adapters and/or PhiX control signal
were removed using a BaseClear filtering protocol.

2.8. Data analysis

2.8.1. Bioassay data and tissue metal concentrations. Data
for survival and reproduction were first checked for normal
variance structure using Anderson–Darling normality test.
Concentration specific effects on reproduction (juvenile
production rates) were analysed for each of the separate
zinc types using one-way analysis of variance (ANOVA).

Where significant differences were found, the Tukey test
was used to identify significant differences between
treatments and the control (Minitab 16) as this allowed
identification of difference both against controls and
between different treatment concentrations. LC50 values for
survival were calculated using probit analysis (Minitab 16).
Data for reproduction (juvenile production rate) was used
for least square fitting of a three parameter log logistic
model (eqn (1)) to obtain estimate EC50 values with
standard errors in SigmaPlot 13.0.

y = ymax/(1 + (c/EC50)exp(b)) (1)

where ymax is the upper asymptote, c is concentration in soil/
pore water/earthworm, EC50 is the concentration resulting in
a 50% effect on the measured endpoint and b the slope
parameter. For the analysis of survival data, a binominal
distribution of data within each treatment was assumed. All
concentration-response relationships were fitted using total
soil Zn concentration.

2.8.2. Quantitative transcriptomic analysis. Sequence
reads (50 bp) generated from the 10 exposure samples were
mapped against the reference transcriptome of E. fetida
available from Novo et al. (2015), annotated against
Swissprot, using Bowtie136 allowing three mismatches (−v 3)
and retrieving only uniquely mapped reads (m −1). EdgeR
was selected for statistical analyses.37 Some contigs were
removed for subsequent analyses where the observed
frequency of mapped reads per million fell below 1 for all the
replicates within a specific group. The data analysis workflow
followed Novo et al.9 Exact tests were completed for each of
the comparisons (i.e. NP vs. control; ion vs. control; NP vs.
ion) and the differentially expressed transcripts identified
(P< 0.05) were further used to perform enrichment analyses
in DAVID.38 Cytoscape 2.8.239 was used for visualization and
interpretation of the enrichment analyses using the plugin
Enrichment Map v 1.240 with default settings (p-value Cutoff
0.005, FDR Q-value Cutoff 0.1). Top enrichment terms in
David (FDR <10) were visualized in REViGO.41

3. Results
3.1. Particle characterisation

These particles were from an identical batch as used by
Heggelund et al. where full characterisation details can be
found (also see ESI†).5 In brief, TEM indicate that the
particles were spherical and relatively monodispersed (figure
in ESI† File S2). The average primary particle diameter of the
ZnO material was 29.8 ± 9.4 nm (mean ± standard deviation).
Crystallite size measurements via XRD, specific surface area
and grain size from BET and zeta-potential and density
measurements are all reported in table in ESI† File S2.

3.2. Soil pore water zinc concentrations and pH

The concentration of Zn in the pore water increased with
increasing total Zn concentration in the soil. The
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concentration of Zn in the pore water was higher in the
ZnO NP dosed soils compared to the ionic Zn dosed soils
but up to 400 times at 2200 mg kg−1 exposure
concentration. The difference between total Zn in the pore
water and the ultra-filtered pore water was small or
equivalent indicating that all the zinc in the pore water
was in the soluble form.

Increasing concentration of ZnO NP in the soil resulted in
the pH to increase from 6.16 in the control to 7.39 at the
highest exposure concentration, 4400 mg kg−1. Conversely,
increasing concentration of ionic Zn in the soil decreased soil
pH from 6.16 to 5.84 at 2200 mg kg−1 (ESI† File S3).

3.3. Earthworm survival, reproduction and Zn body
concentrations

After 28 days, there was >93% survival (ESI† File S4) of E.
fetida in soil spiked with ZnO NPs at concentrations up to
4400 mg Zn per kg and so no LC50 could be calculated. In
the ionic Zn exposure, 100% survival in all treatments up to
225 mg kg−1, 97% survival at 500 mg Zn per kg and all
earthworms exposed to 1100 mg Zn per kg and above died.
The calculated LC50 was 608 mg Zn per kg. Reproduction was
reduced in a dose-dependent manner on exposure to both Zn
forms (ESI† File S5). Calculated EC50 values of 693 ± 135.8
and 374 ± 72 mg Zn per kg were estimated for ZnO NPs and
ionic Zn, respectively. The treatment closest to these EC50

values that were selected for use in the transcriptome
assessment were 500 ZnO mg Zn per kg and 225 mg Zn per
kg for the ionic Zn. Juvenile production in these treatments
corresponded to levels at 64.2% and 89.2% of control values.
The mean body concentrations (±SD, ESI† File S4) of the
control earthworms was 102 ± 4 mg Zn per kg, excluding a
single extreme outline value (mean 154 mg Zn per kg
including outlier). Tissue Zn concentrations in E. fetida
exposed to 225 and 500 mg Zn per kg were 120 ± 0.6 mg Zn
per kg and 140 ± 2 mg Zn per kg for the ZnO exposure and
142 ± 7 mg Zn per kg and 153 ± 5 mg Zn per kg for the ionic
Zn treatments. At the two concentrations selected for the
RNA-seq analysis (500 mg and 225 mg Zn per kg for the ZnO
and ionic Zn forms) internal concentration did not differ
significantly (T-test, p > 0.05).

3.4. Differential expression analyses

Reads have been submitted to the European eucleotide
archive (ENA) under study number PRJEB7953. In ESI† File
S1 information on numbers of reads per sample and
mapping is presented. Between 26 and 49 million reads
were generated per sample. Around 75% of the reads from
each sample mapped against the reference transcriptome,
and 49% of the reads uniquely mapped and, therefore,
were informative for subsequent quantitative analyses.
Paired comparisons (P < 0.05 in EdgeR) of; (i) Zn ion vs.
control yielded 1590 differentially expressed (DE) contigs,
347 of which gave a hit in Swissprot of which 317 were
non-redundant hits; (ii) ZnO NPs vs. control resulted in

1972 DE transcripts, 472 with a Swissprot hit of which 397
were non-redundant; and (iii) ZnO NP vs. Zn ion showed
2043 DE contigs, 455 with hit and 394 non-redundant. The
Venn diagram in Fig. 1 shows the overlap of DE contigs
with non-redundant hits among the pairwise treatment
comparisons. There were 130 common non-redundant DEs
for Zn NPs and ions comparisons to control. The full list
of differentially expressed genes and enrichment analyses
in DAVID are shown in Supplementary Files S6 and S7†
respectively and REViGO analyses in S8.†

3.5. Different transcriptional effects of ZnO NP and Zn ion
exposures

As shown by cytoscape network presented in Fig. 2A,
significantly enriched pathways when comparing Zn NPs
versus ions exposure related to vesicular/membrane transport,
compound binding, extracellular region, adhesion and
peptidases (see in Table 1 enrichment terms corresponding
to the nodes in Fig. 2A). A number of distinct pathways are
related to vesicular/membrane transport those that show the
most discrete changes between ion and NPs include the
dynein complex, brush border, apical part of the cell, apical
plasma membrane and lipoprotein transport (Table 1).
Several dynein heavy chains were DE and specifically dynein
heavy chain 5, part of a microtubule-associated motor protein
complex, was one of the most upregulated genes in this
comparison (NPs vs. ions), also appearing in the list of top
downregulated for the Zn ion vs. control comparison
(Table 2). Caltractin, which plays a fundamental role in the

Fig. 1 Venn diagram indicating the number of overlapping
differentially expressed genes (P < 0.05 in EdgeR) among the three
comparisons. Only transcripts with blast hit are included.

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

02
0.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 8
:1

8:
18

 A
M

. 
View Article Online

https://doi.org/10.1039/c9en01124b


Environ. Sci.: Nano, 2020, 7, 1464–1480 | 1469This journal is © The Royal Society of Chemistry 2020

structure and function of the microtubule-organizing center,
was one of the top downregulated for NPs (both in NPs vs.
ions and NPs vs. control comparisons, Table 2). Within the
compound binding term, ion binding, tetrapyrrole binding,
and calcium ion binding were the most enriched terms in
NPs vs. ions comparison (Table 1). Several Zn finger proteins
(26, 62, 92, 625, 778) were downregulated for the ZnO NPs vs.
ionic Zn comparison, as well as Zn carboxipeptidase,
ovochymase, and several forms of cytochrome P450 (see ESI†
File S6). Sarcoplasmic calcium-binding protein was one of
the top upregulated for NPs (both in NPs vs. ions and NPs vs.
control comparisons) and top downregulated for ions vs.
control (Table 2). A Zinc transporter protein, ZIP10, was
downregulated for the comparison NPs vs. ions. ZIP 10 was a
top downregulated gene in the ZnO NPs vs. control
comparison and was also downregulated for Zn ion vs.
control, albeit to a lesser extent (Tables 2 and 4). This means
that while being downregulated for both NPs and ions vs.
control, ZIP10 downregulation was higher for NPs.

Within the extracellular region and cell and biological
adhesion terms, agrin, which plays a key role in cell surface
organisation (especially in neurons) and is also implicated in
cytoskeleton organisation, was one of the most
downregulated genes following ZnO NPs exposure when
compared to the Zn ion treatment and the control (see
Table 2). ZnO NPs exposure also resulted in >3 fold

downregulation compared to Zn ion exposure for lysozyme,
collagen alpha-1 (XII), Chymotrypsin like serine proteinase
and neural cell adhesion molecule 2, a surface-expressed
glycoprotein with a role in cell adhesion. Uromodulin,
matrilin, laminin, fibropellin, and several von Winderbrand
factors were also downregulated for this comparison to a
lesser extent, in some cases also being top regulated genes for
the NP or ions vs. control comparisons (Table 2). SCO-
spondin, a novel relative of the thrombospondin family
involved in cell aggregation, also shows ∼ 3 fold
downregulation in the NPs vs. ions exposure (File S6†). Finally,
a number of TNF genes were differentially regulated by the
ZnO and Zn ion exposure. For example, TNF receptor-
associated factor 3 was differentially regulated by the two
forms being downregulated in the ion vs. control comparison
and unchanged following ZnO exposure (Table 2 and File S6†).

3.6. Shared effects after exposure to ZnO NPs and ionic Zn
when compared to control

Enriched pathways after exposure to both ZnO NPs and ionic
Zn compared to controls are shown as networks in
Fig. 2B and C; the main enriched GO terms in Table 3 and a
list of common DE expressed hits for both comparisons is
shown in Table 4. Complete lists of differentially expressed
genes and enriched analyses are detailed in ESI† S6 and S7,

Fig. 2 Go-term networks generated by cytoscape (P-value Cutoff 0.005, FDR Q-value Cutoff 0.1) after enrichment analyses in DAVID (P-value
0.05). Go-terms are represented by numbers in the nodes and are shown in Tables 1 and 3. Node size is related to number of genes implicated in
that term (see ESI† File S7). Numbers highlighted with asterisks are common nodes in the three comparisons. A: comparison NPs versus ions; B:
ions versus control; C: NPs versus control.
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and REViGO analyses for individual comparisons versus
control and for common hits in S8.† The main commonly
affected processes following exposure to both Zn forms were
related to Zn homeostasis and transport; compound binding;
extracellular matrix; vesicular/membrane transport and
kinases. The occurrence of some of these high level terms
such as vesicular/membrane transport, compound binding or
extracellular region in both differential and shared response
reflects both the diversity of pathways within them (specially

vesicular/membrane transport) but also that some lower level
terms present a varied degree of response, making them
significantly enriched for all the comparisons. Regarding the
Zn homeostasis related pathways, several terms including Zn
homeostasis itself and also transport and transmembrane
transporter activity were enriched in the DE gene lists
(Table 3). Several specific Zn transporters were differentially
expressed. These included ZIP10, ZIP4, and Zn transporter
foi (closely related to ZIP6) which were downregulated by

Table 1 Enrichment results from DAVID for the comparison NPs versus ions. Only enrichment terms with P values < 0.05 are shown, those with FDR <

10 are shown in bold. See complete results of the enrichment analyses in ESI† File S7 and complete gene lists in S6.† See Fig. 2A for correspondence of
numbers within networks nodes. BP: biological process, MF: molecular function, CC: cellular component

Node Term

NPs versus ion

Category P value Fold enrichment

VESICULAR/MEMBRANE TRANSPORT
1 GO:0001539 ∼ ciliary or flagellar motility BP 0.007 9.92
2 GO:0005930 ∼ axoneme CC 0.011 4.40
3 GO:0005858 ∼ axonemal dynein complex CC 0.028 11.19
4 GO:0044463 ∼ cell projection part CC 0.022 2.29
5 GO:0030286 ∼ dynein complex CC 0.006 5.03
6 GO:0042995 ∼ cell projection CC 0.040 1.57
7 GO:0005886 ∼ plasma membrane CC 0.009 1.31
9 GO:0005764 ∼ lysosome CC 0.025 2.25
11 GO:0005903 ∼ brush border CC 0.001 7.04
12 GO:0005905 ∼ coated pit CC 0.027 4.37
13 GO:0045177 ∼ apical part of cell CC 2.20 × 10−4 3.94
14 GO:0016324 ∼ apical plasma membrane CC 3.76 × 10−4 4.46
15 GO:0006898 ∼ receptor-mediated endocytosis BP 0.007 6.38
16 GO:0042953 ∼ lipoprotein transport BP 2.09 × 10−4 29.76
17 GO:0000323 ∼ lytic vacuole CC 0.027 2.21
COMPOUND BINDING
8 GO:0031419 ∼ cobalamin binding MF 0.017 14.40
10 GO:0005509 ∼ calcium ion binding MF 1.45 × 10−4 1.87
18 GO:0046872 ∼ metal ion binding MF 0.045 1.15
19 GO:0043167 ∼ ion binding MF 0.006 1.22
20 GO:0043169 ∼ cation binding MF 0.022 1.18
21 GO:0046906 ∼ tetrapyrrole binding MF 0.004 2.95
22 GO:0031404 ∼ chloride ion binding MF 0.034 3.32
EXTRACELLULAR
25 GO:0005615 ∼ extracellular space CC 0.018 2.14
26 GO:0031012 ∼ extracellular matrix CC 3.60 × 10−5 2.89
27 GO:0005604 ∼ basement membrane CC 0.010 3.78
28 GO:0044421 ∼ extracellular region part CC 2.98 × 10−6 2.52
29 GO:0005201 ∼ extracellular matrix structural constituent MF 2.40 × 10−5 6.35
30 GO:0044420 ∼ extracellular matrix part CC 0.002 3.57
32 GO:0043062 ∼ extracellular structure organization BP 0.004 3.01
33 GO:0005578 ∼ proteinaceous extracellular matrix CC 2.18 × 10−5 2.99
34 GO:0005576 ∼ extracellular region CC 2.31 × 10−7 2.11
PEPTIDASES
35 GO:0004857 ∼ enzyme inhibitor activity MF 0.007 2.94
36 GO:0004866 ∼ endopeptidase inhibitor activity MF 0.010 3.83
37 GO:0030414 ∼ peptidase inhibitor activity MF 0.001 4.27
38 GO:0004867 ∼ serine-type endopeptidase inhibitor activity MF 0.002 5.12
ADHESION
39 GO:0007155 ∼ cell adhesion BP 6.35 × 10−4 2.13
40 GO:0022610 ∼ biological adhesion BP 6.65 × 10−4 2.13
OTHERS
23 GO:0006040 ∼ amino sugar metabolic process BP 0.033 10.30
24 GO:0009254 ∼ peptidoglycan turnover BP 0.044 44.64
31 GO:0050808 ∼ synapse organization BP 0.016 4.06
41 GO:0051147 ∼ regulation of muscle cell differentiation BP 0.049 4.83
42 GO:0007009 ∼ plasma membrane organization BP 0.048 8.37
43 GO:0009986 ∼ cell surface CC 0.044 2.03
44 GO:0048608 ∼ reproductive structure development BP 0.041 3.15
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both ZnO NPs and ionic Zn exposure; ZIP3 and ZIP12
downregulated only for the ZnO NPs and Zn transporter 1
which was upregulated for both Zn forms (Table 4 and S6†).
DE genes related to compound binding, extracellular matrix,
adhesion and vesicular/membrane transport were already
mentioned in the previous section. One of the top
downregulated genes for ions was Multiple epidermal growth
factor-like domains protein 10 that may play a role in cell
adhesion and motility. For comparison of ions vs. control,
some terms related to vesicles are enriched as well. Kinases,
categorised under terms related to activation and regulation
of JUN, MAP, and JNK were significantly enriched for both Zn
forms (Table 3), some mitogen-activated protein kinases were
also upregulated as well as some protein kinase CK2 (File
S6†). These pathways are more impacted by the ZnO NPs
than for the ionic Zn as shown by the higher number of
terms enriched for the former exposure (Table 3, nodes in
the network Fig. 2B and C).

Separate enrichment analyses were conducted for both the
up and down regulated DE genes for the ZnO NP and ion vs.
control comparisons (see ESI† File S8 for REViGO graphics).
Those highlighted the downregulation of Zn ion
transmembrane transport (including ZIP10, ZIP4 and Zn
transporter foi), membrane-bounded and cytoplasmic vesicles,
ATP binding and protein, tyrosine kinase activity. Regulation of
intracellular signal transduction, protein autophosphorylation,
metal ion transport, Zn ion transmembrane transport
(including Zn transporter 1 and Zn/Cd resistance protein), urea
metabolism, plasma membrane, extracellular region, JUN
kinase activity and protein homodimerization activity were all
terms represented in the upregulated gene lists.

4. Discussion

Earthworms show moderate sensitivity to Zn, as illustrated by
our own and the results of other,42,43 with EC50reproduction values in
the range 200–600 mg Zn per Kg depending on the earthworm
species tested and soil type.42–44 The median Zn concentrations
for 1083 soils measured in the UK was 61.5 mg Zn per kg,45

suggesting that the window of essentiality between potential
deficiency and toxicity for Zn may be relatively small for
earthworms. The effects of long-term metal aging in polluted
soils in the field have been found to reduce metal
bioavailability, which in part may mitigate the potential
ecotoxicological hazard of Zn. However, even with aging
potentially reducing risk, zinc remains one of the chemical
most likely to expert toxic effects in soils and freshwater
systems.46–48 Given the potential high ranking of risk associated
with Zn pollution, it is highly relevant to review the effects of
this metal in nanomaterial forms, given the relatively large
amounts of ZnO NP produced and used annually worldwide.

We found that ionic Zn was more toxic compared to ZnO
NPs. For earthworms exposed to the ionic Zn, survival and
reproduction were impacted at lower concentrations, almost
half compared to ZnO NPs having the same level of effect.
This is in agreement with previous studies that have alsoT
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Table 3 Enrichment results from DAVID for the comparisons of NPs and ions vs. control. Only enrichment terms with P values < 0.05 are shown, those
with FDR < 10 are shown in bold. See complete results of the enrichment analyses in ESI† File S7 and complete gene lists in S6.† See Fig. 2B and C for
correspondence of numbers within networks nodes. BP: biological process, MF: molecular function, CC: cellular component

Ions versus control NPs versus control

Node Term Category P value
Fold
enrichment P value

Fold
enrichment

Common with comparison NPs vs. ions
VESICULAR/MEMBRANE TRANSPORT
6 GO:0042995 ∼ cell projection CC 0.045 1.64 No No
7 GO:0005886 ∼ plasma membrane CC 0.001 1.44 0.009 1.30
10 GO:0005509 ∼ calcium ion binding MF No No 0.001 1.72
11 GO:0005903 ∼ brush border CC 4.68 ×

10−4
9.02 0.011 5.67

14 GO:0016324 ∼ apical plasma membrane CC 0.030 3.43 0.028 3.02
15 GO:0006898 ∼ receptor-mediated endocytosis BP 3.86 ×

10−4
9.42 0.045 4.98

16 GO:0042953 ∼ lipoprotein transport BP 0.005 27.48 No No
COMPOUND BINDING
18 GO:0046872 ∼ metal ion binding MF 0.043 1.17 0.007 1.21
19 GO:0043167 ∼ ion binding MF 0.034 1.18 0.001 1.25
20 GO:0043169 ∼ cation binding MF 0.047 1.17 0.002 1.25
21 GO:0046906 ∼ tetrapyrrole binding MF No No 1.21 ×

10−4
3.64

EXTRACELLULAR
28 GO:0044421 ∼ extracellular region part CC No No 0.038 1.60
32 GO:0043062 ∼ extracellular structure organization BP No No 0.034 2.41
34 GO:0005576 ∼ extracellular region CC 0.004 1.67 4.14 ×

10−4
1.84

ADHESION
39 GO:0007155 ∼ cell adhesion BP No No 0.017 1.75
40 GO:0022610 ∼ biological adhesion BP No No 0.017 1.74
OTHERS
42 GO:0007009 ∼ plasma membrane organization BP No No 0.005 10.89
Only for comparisons to control
ZN HOMEOSTASIS AND TRANSPORT
45 GO:0006882 ∼ cellular zinc ion homeostasis BP 0.006 23.55 0.010 18.67
46 GO:0055069 ∼ zinc ion homeostasis BP 0.008 20.61 0.013 16.34
47 GO:0046915 ∼ transition metal ion transmembrane transporter activity MF 0.003 8.39 8.74 ×

10−4
7.85

48 GO:0006829 ∼ zinc ion transport BP 7.05 ×
10−4

11.95 9.79 ×
10−6

13.26

49 GO:0005385 ∼ zinc ion transmembrane transporter activity MF 7.17 ×
10−5

20.66 1.89 ×
10−4

16.10

50 GO:0000041 ∼ transition metal ion transport BP 0.020 4.82 2.99 ×
10−4

6.12

51 GO:0006812 ∼ cation transport BP 0.017 1.90 0.033 1.69
52 GO:0030001 ∼ metal ion transport BP 0.006 2.19 0.022 1.85
53 GO:0015082 ∼ di-. tri-valent inorganic cation transmembrane transporter

activity
MF 0.002 6.45 0.007 5.02

54 GO:0031420 ∼ alkali metal ion binding MF 0.025 2.37 No No
55 GO:0022890 ∼ inorganic cation transmembrane transporter activity MF 0.019 2.92 No No
VESICULAR/MEMBRANE TRANSPORT
58 GO:0031982 ∼ vesicle CC 0.006 1.97 No No
59 GO:0031526 ∼ brush border membrane CC 0.004 12.38 No No
60 GO:0030139 ∼ endocytic vesicle CC 0.005 5.35 No No
61 GO:0031410 ∼ cytoplasmic vesicle CC 0.008 1.95 No No
62 GO:0016044 ∼ membrane organization BP 0.044 1.95 No No
63 GO:0016192 ∼ vesicle-mediated transport BP 0.047 1.71 No No
64 GO:0010324 ∼ membrane invagination BP 0.006 2.80 No No
65 GO:0006897 ∼ endocytosis BP 0.006 2.80 No No
KINASES
69 GO:0004706 ∼ JUN kinase kinase kinase activity MF 0.007 23.02 4.35 ×

10−4
23.91

71 GO:0010627 ∼ regulation of protein kinase cascade BP 0.008 3.46 0.009 3.09
72 GO:0007254 ∼ JNK cascade BP 0.038 5.36 0.014 5.31
73 GO:0046777 ∼ protein amino acid autophosphorylation BP 0.047 3.66 0.002 4.65
74 GO:0031098 ∼ stress-activated protein kinase signaling pathway BP 0.040 5.23 0.015 5.19
75 GO:0004713 ∼ protein tyrosine kinase activity MF 0.022 2.43 0.007 2.46
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shown lower toxicity for nano-forms when compared to ionic
forms of the same metals.5,9,14,49 The reasons for the lower
toxicity of ZnO NPs compared to the ionic form has
previously been attributed to slow dissolution of ions from
the ZnO NPs and so lower exposure and reduced Zn
availability to the organisms when exposed as NPs compared
to when added in ionic form.5,50–52 Hence, the lower toxicity
of the ZnO NPs compared to ionic Zn found in this study
may be associated with lower bioavailability due to
dissolution limitation. In this study, the pore water
concentrations measured in the ionic exposure were higher
compared to soils spiked with ZnO NPs by up to 400 times.
However, ultra-filtering the pore waters did not reduce the Zn
concentration, indicating that the ZnO NPs in the pore water
were in the soluble form. So although there was ionic Zn
available in the ZnO NP exposure, the exposure to ionic Zn
was higher in the ionic Zn dosed soils compared to the ZnO
NPs explaining to some extent the lower toxicity observed in
the ZnO NPs, in agreement with other similar studies.5,50–52

However the difference in sensitivity between the two Zn
forms is not 400 fold (closer to 2-fold) suggesting another
exposure route besides pore water. Earthworms also ingest
soil and so are also exposed to Zn associated with the soil
solid phase. Although the body concentrations were not
significantly different at the 225 and 500 mg kg−1 exposure
concentration, earthworms are known to regulate Zn body

concentrations,53,54 which might explain why we don't see a
difference in accumulation between the two Zn forms at the
exposure concentrations where there is more limited effect
on survival or reproduction. The formation of biogenic
particles has also been a suggested mechanism by which
earthworms can handle metal exposure, ultimately reducing
their exposure to toxic ions.55 As particles are dissolving it is
also possible the earthworms are transforming them to the
biogenic forms making the ionic Zn less available and as
such lessening toxic pressure.

Measurements of tissue Zn concentrations indicated a
slight accumulation in both the ZnO and Zn ion treatments
compared to the control (when a single outlier control value
was excluded), although not beyond concentrations which
would be considered within normal tolerance for
earthworm.53 Given the difference in external exposure
concentrations 225 or 500 mg Zn/kg between the control and
different Zn treatments, the small magnitude of difference
between the control and exposed earthworms indicates either
limited uptake and/or active regulation through elimination.
Previous studies have indicated a high initial elimination of
Zn in E. fetida56 and also Lumbricus rubellus.57 Zn body
concentrations in the earthworms exposed to ZnO NPs and
ionic Zn did not significantly differ, confirming similar level
of internal exposure at the similar levels of reproductive
toxicity resulting for both Zn forms.

Table 3 (continued)

Ions versus control NPs versus control

Node Term Category P value
Fold
enrichment P value

Fold
enrichment

76 GO:0004715 ∼ non-membrane spanning protein tyrosine kinase activity MF 0.005 5.37 No No
82 GO:0004709 ∼ MAP kinase kinase kinase activity MF No No 5.46 ×

10−4
8.66

83 GO:0070302 ∼ regulation of stress-activated protein kinase signaling
pathway

BP No No 0.035 4.03

84 GO:0043506 ∼ regulation of JUN kinase activity BP No No 0.023 6.45
85 GO:0007257 ∼ activation of JUN kinase activity BP No No 0.010 8.71
86 GO:0043405 ∼ regulation of MAP kinase activity BP No No 0.041 3.15
87 GO:0043507 ∼ positive regulation of JUN kinase activity BP No No 0.017 7.26
88 GO:0043408 ∼ regulation of MAPKKK cascade BP No No 0.021 3.79
89 GO:0046328 ∼ regulation of JNK cascade BP No No 0.033 4.11
COMPOUND BINDING
57 GO:0031402 ∼ sodium ion binding MF 0.033 2.91 No No
77 GO:0020037 ∼ heme binding MF No No 2.72 ×

10−4
3.58

79 GO:0046870 ∼ cadmium ion binding MF No No 0.047 41.85
OTHERS
56 GO:0006814 ∼ sodium ion transport BP 0.045 2.69 No No
66 GO:0006766 ∼ vitamin metabolic process BP 0.047 3.66 No No
67 GO:0046983 ∼ protein dimerization activity MF 0.023 2.07 0.031 1.86
68 GO:0042803 ∼ protein homodimerization activity MF 0.011 2.73 0.019 2.34
70 GO:0009967 ∼ positive regulation of signal transduction BP 0.037 2.56 0.044 2.28
78 GO:0009055 ∼ electron carrier activity MF No No 0.018 2.14
80 GO:0031224 ∼ intrinsic to membrane CC No No 0.046 1.15
81 GO:0031430 ∼ M band CC No No 0.025 11.90
90 GO:0004175 ∼ endopeptidase activity MF No No 0.022 1.84
91 GO:0030545 ∼ receptor regulator activity MF No No 0.043 8.97
92 GO:0006955 ∼ immune response BP No No 0.026 2.23
93 GO:0033692 ∼ cellular polysaccharide biosynthetic process BP No No 0.036 5.45
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Global gene expression profiling indicated a significant
overlap in the pathway terms affected by exposure to the two
Zn forms. Common term groups included compound
binding, Zn homeostasis, and transport, vesicular membrane
transport and kinase (see Fig. 2). This high degree of overlap
at the pathway level supports our initial hypothesis that the
toxic effects of ZnO NPs occur through the same mechanisms
as for ionic Zn most likely following ion release from the NPs
through dissolution. A common mechanistic effect of ZnO
NPs and ionic Zn has been previously indicated for
mammals.58 Our findings are parallel to those by Dekkers
et al.27 but instead of using a cell model our observations are
based on an environmentally relevant system, involving a
whole organism and a chronic exposure. For invertebrates,
Poynton et al.28 failed to distinguish between the effects of
both Zn forms in a study of gene expression changes in H.
azteca. In contrast, in Daphnia magna Poynton et al.59

suggested a different mode of action, indicating that ZnO
NPs affected genes related to reproduction, cellular
respiration and cytoskeletal transport. Moreover, Schiavo
et al.30 found that distinct apoptosis and antioxidant actions
could be attributed to NPs in M. galloprovincialis. Hence the
degree to which ZnO NPs and ionic Zn share common effects
at the pathway level may be species and context (e.g. the
characteristics of the NPs tested, concentrations, etc.)
dependent.

In our study with E. fetida, the probable common
importance of the ions is supported by the common effects
seen for both the ZnO NP and ionic Zn on Zn homeostasis
and transport. The effects of the Zn handling system were
reflected in expression changes of genes encoding several Zn
transporters. Cells possess mechanisms for tight control of
cytosolic Zn in order to prevent cell death due to Zn toxicity24

that include two major families of proteins mediating Zn
transit across membranes. ZIP transporters increase
cytoplasmic Zn concentration by mediating influx through
organelles or plasma membrane. ZnT transporters remove Zn
from the cytosol out of the cell or into subcellular
compartments.25 Our results show the genetic signatures of
this tight control of Zn concentrations. For both the ZnO NPs
and ions, the ZIP transporters (ZIP10, ZIP4, ZIP6) were
downregulated, whereas ZnT transporters (ZnT1) were
upregulated, indicating cellular efforts to eliminate Zn. ZnT1
is the plasma membrane primary regulator of Zn efflux
contributing to Zn resistance and playing a large role in
regulating free Zn levels.60 Dietary restriction of Zn has
shown upregulation of ZIP4 and downregulation of ZnT1.61

Here we observed exactly the opposite change under Zn
excess. On the other hand, ZIP10 expression has been shown
to be downregulated in response to Zn repletion,62 similarly
to our results. Specific for the ZnO NP exposure there was
downregulation of ZIP3 and ZIP12 transporters as well as
lower gene expression of ZIP10 when compared with the
ionic Zn. Hence the ZnO NP exposure specific stronger
decrease in transcription of ZIP10 and the other ZIP
transporters may indicate a potential difference in Zn supply

to cells. Such differences could occur not only through
dissolution and mediation with transporters, but also
through endocytosis of the undissolved NPs. This implies a
necessity to downregulate the major Zn transporters. Known
major Zn supporters are predominately located in the plasma
membrane. However in addition ZIP3, which is
downregulated only for ZnO NPs, is also located in
lysosomes, regulating the transport of Zn from this organelle
to the cytosol.63

Within vesicular/membrane transport category we
observed lysosomes and related GO terms were enriched in
the NP vs. ion comparison. Lysosomes are thought to be
targets for NPs accumulation, which may lead to their
cellular excretion or most likely chronic lysosome
dysfunction.64 Further vesicular/membrane transport is
impacted for both NPs and ions potentially because vesicles
are recognized as key for Zn metabolism. For both Zn forms,
we observed that membrane-bound vesicle related genes are
commonly downregulated (see ESI† File S4), with a higher
number of terms enriched for ionic Zn vs. control (as shown
by Fig. 2 and Table 3). This may be because in the case of
NPs, endocytosis is being activated,9 therefore counteracting
this effect on vesicles.

Further GO terms that were significantly enriched as a
result of both ZnO NPs and Zn ion exposure were related to
activation and regulation of JUN, MAP and JNK kinases. This
signaling cascade is known to be a response of a cell to
changes in the environment, amplifying and integrating
signals from extracellular stimuli and controlling
physiological and genomic changes to those.65 Cellular
kinases have previously been shown to be activated by Zn in
animals66 and plants.67 Protein kinase CK2 was upregulated
after the exposure to both forms (>5 fold). It activates ZIP7
through serine phosphorylation, which would result in the
release of free ionic Zn in the cytosol and activation of
protein kinases involved in cell proliferation, which results in
increased cell migration.25,68 Hence the changes seen in this
signaling cascade are consistent with a major mechanism of
effects that the result of intracellular organelle level Zn ion
exposure.

Zn initially supplied in NP form can potential enter into
organism cells either as ions following dissolution in the soil
or directly as intact NPs after which they may dissolve rapidly
and release ions intracellularly.69,70 Comparison of the
pathway terms indicated that the ZnO NPs cause specific
gene expression signatures apart from those related to Zn ion
effects, mostly related to GO term that indicates potentially
different uptake routes. It has been proposed that active
cellular uptake, such as clathrin-mediated endocytosis,
maybe a prominent mechanism for the entry of NPs into
cells.71 The size of the presently used NPs (30 nm) is
compatible with the sizes reported to enter the endocytic
vesicles (10 to 100 nm,71). We found clathrin-coated pit to be
enriched in NP vs. ions comparison supporting this
possibility. Moreover, calcium ion binding is enriched for
NPs vs. ions and control and calcium influx is known to
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initiate and accelerate endocytosis.72 Although it is worth
noticing that calcium signaling and modulation of
intracellular levels have been linked to NP toxicity.73,74 Novo
et al.9 previously reported endocytosis as a possible uptake
route for silver NPs in earthworms and similarly to that
study, we found that dynein complex and axoneme related
terms are enriched for NPs vs. ions. Novo et al.9 hypothesized
that the enrichment of those terms could be related to the
“ciliary pocket”, a basal membrane domain in cilia, involved
in clathrin-mediated endocytosis75 given that earthworms
possess ciliated cells in the alimentary epithelia and in
several epidermal cell types. Further studies will need to
clarify the internalization route of NPs in earthworms and
whether it is related to this ciliary pocket. Other studies in
invertebrates have also pointed to endocytosis as the uptake
route for NPs. Tsyusko et al.76 and González-Moragas et al.77

provided evidence for endocytosis pathways being affected by
Gold NPs and iron oxide NPs respectively in Caenorhabditis
elegans suggesting it as the NPs internalization route.

Zinc influx via plasma membrane located ZIP10 and ZIP6
has been established to cause cell-detachment and
mobility78,79 via a pathway associated with the normal
physiological process linked to Epithelial–mesenchymal
transition (EMT). The enrichment of the adhesion term in
the ZnO NP exposure compared to ionic Zn suggests that
despite the downregulation of ZIP10/ZIP6 there is an
enhanced cytosolic release of the zinc ions leading to the
trigger of this adhesion pathway. Key to this cascade is
alteration in ubiquitin-specific peptidase,78 which mediates
degradation of specific transcription factors controlling
expression of factors associated with cell adhesion, and
remodeling of the cell environment. It is therefore not
surprising that we also observed peptidase and extracellular
matrix as terms enriched in gene differentially during
exposure to ZnO NPs.

5. Conclusions

ZnO NPs were found to be less toxic compared to ionic Zn,
with ionic Zn causing greater effects on survival and
reproduction compared to ZnO NPs when exposed at similar
soil Zn concentrations, which is in agreement with the
majority of findings in similar toxicity studies. Measurements
of tissue Zn indicated similar internal concentrations for
earthworm experiencing approximately the same degree of
reproductive toxicity in both exposures. The critical role of
ionic Zn as a key mechanism associated with exposure to
both Zn forms was confirmed within a transcriptomic
analysis. Common ontology terms linked to Zn homeostasis
and transport were commonly affected. The RNA-seq data,
however, also identified specific gene expression associated
with the ZnO NPs exposure, especially related to vesicular
transport and specifically to endocytosis. Furthermore,
enrichment analysis of differentially expressed genes
associated with ZnO NPs exposure revealed enhanced
adhesion and peptidase terms. These processes are linked to

a normal physiological function of ionic Zn during
epithelial–mesenchymal transition (EMT). The substantial
enrichment of the cell adhesion cascade during ZnO NPs
exposure suggests NPs facilitate enhanced cellular zinc
uptake in a specific manner which triggers this EMT
associate processes. This suggested that while the
toxicodynamic mechanisms of toxicity for both Zn form may
occur through a common mechanism, the pathways of
toxicokinetics may differ, with ions taken into cells by ion
transporters and ZnO NPs by endocytosis. When in the cell,
common gene expression changes highlighted the lysosomal
release as a potential common target for any excess
accumulated Zn. Overall, our results contribute significantly
to the development of adverse outcome pathways for a metal
oxide nanomaterial and point to the need to separately
consider aspects of both toxicokinetics and toxicodynamics
in mechanistic in toxicology studies for nanomaterials.
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