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The nearshore and estuary are the main gathering areas of nanoparticles (NPs), and
salinity change is a crucial characteristic in these marine areas. Moina mongolica Daday
is an important open-ended bait in the nearshore aquaculture environment. Investigating
the toxicity mechanism of NPs to M. mongolica under different salinity conditions is crucial
to exploring the biological impact of NPs in the nearshore environment. Two typical metal
oxide and metal NPs of TiO, and Ag were used in this study to test the acute, chronic, and
reproductive toxicities of M. mongolica (Cladocera) in marine environments of different
salinity gradients. The toxic effects and mechanisms of the two NPs on M. mongolica
were discussed by ecotoxicology and transcriptional analysis, respectively. A total of
27,274 genes were assembled, and 11,056 genes were successfully compared. Results
suggested that TiO, and Ag NPs showed particle toxicity with oxidation generation and
immune emergencies on M. mongolica. Compared with TiO,, Ag NPs showed strong
toxicity with reproductive toxicity due to the release of Ag+, resulting in a reduction in
reproduction, which is a decrease in the number of offspring and the rm. Critical DEGs
involved in carapace showed carapace damage of M. mongolica, due to adhesion and
accumulation (approximately 40%-60% of all accumulation) on carapace, which was one
of the toxic mechanisms of the two NPs. The salinity factor caused the aggregation of
both NPs, and Ag* release of Ag NPs. The toxicity of TiO, NPs to M. mongolica increases
with salinity, but that of Ag NPs decreases.

Keywords: nanoparticles, titanium dioxide nanoparticles, silver nanoparticles, nanotoxicity, Moina mongolica
Daday, transcriptional analysis

1 INTRODUCTION

Titanium dioxide nanoparticles (TiO, NPs) and silver nanoparticles (Ag NPs) are the two most
widely used NPs due to the development of nanotechnology and the special physical and chemical
properties in recent decades (Volker et al., 2013; Minetto et al., 2014; Khosravi-Katuli et al., 2017).
TiO, NPs are increasingly used in cosmetics and antifouling coatings (Minetto et al., 2014), and Ag
NPs are utilized in various antifungal materials (Griffitt et al., 2013). These NPs will eventually enter
the marine environment through different compartments [air, soil, and water (Corsi et al., 2014)],
which will likely result in lethal or adverse effects on environmental organisms and marine aquatic
products (Griffitt et al., 2013; Kang et al., 2016; Magesky et al., 2016; Davarazar et al., 2021). Therefore,
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studying the influence of the two NPs on marine organisms in the
estuary and nearshore is necessary (Fajardo et al., 2022). Salinity
is the most important and changing environmental factor in
the estuary and nearshore, and salinity changes could affect the
aggregation, size, and ion release of metal and metal oxide NPs in
seawater (Rotini et al., 2017; Yung et al., 2017). Therefore, salinity
change is a crucial factor affecting the toxicity of NPs in seawater
(Yung et al., 2015; Rotini et al., 2017).

The class of cladocerans are good model organisms
available for NP ecotoxicity tests because they are filter-feeding
zooplankton crustaceans (Griffitt et al., 2008; Matranga and
Corsi, 2012). Moreover, their participation in energy transfer
and nutrient regeneration as key herbivores in the food web
is a crucial biogeochemical role in ecosystems (Spicer, 2013).
The current study selected the cladoceran M. mongolica, an
indigenous and ecologically important halophilic species in the
southeastern part of China, which is widely used as a nutritious
live food source for the fish and developing larvae of a variety of
marine economic farming species (He et al., 2001). M. mongolica
with characteristics, such as an approximate size (1.0-1.4 mm
long and 0.8 mm wide), was easy to culture under laboratory
conditions. The short but predictable life cycle and high fecundity
of M. mongolica make it a good and cost-effective indicator for
studying the biological effects of NPs (Wang et al., 2016). This
species can also be investigated for acute and reproduction
toxicity tests considering the relative species Daphnia based
on the guidelines of OECD 202 (OECD, 2004) and OECD 211
(OECD, 2012).

Recent studies have shown that metals and metal oxide NPs
have adverse influence on aquatic animals, which may lead to
toxicity including death, intestinal blockage, oxidative stress, and
DNA damage (Paterson et al., 2011; Griffitt et al., 2013; Ivask
et al,, 2014; Adam et al., 2015; Gong et al., 2016; Pan et al., 2018;
Du et al.,, 2021). Current evidence suggests that the toxicity of
metal and metal oxide NP factors include material, size, surface
area, agglomeration, and dissolved release or vectorization
effect reactivity (Asharani et al., 2008; Gagné et al., 2012; Volker
et al.,, 2013; Chatel and Mouneyrac, 2017; Orbea et al., 2017).
Compared with freshwater, the complexity of the seawater
environment, such as the ionic strength (IS) of salinity seawater,
would cause the agglomeration and precipitation of NPs. Such
complexity decreases the concentration of NPs in suspension
and reduces the potential contact frequency of NPs (Zhu et al,,
2011); it may also influence the generation of ions of metal-based
NPs (Quik et al., 2011; Brunelli et al., 2013). NP aggregates, such
as TiO, NPs, were filled inside the digestive tracts of Artemia
salina, leading to oxidative stress due to impaired food uptake
(Ates et al.,, 2013). The aggregate and size of TiO, NPs were
also inversely proportional to the toxicity effects toward marine
rotifers (Auffan et al., 2009; Clément et al., 2013). Metal and
metal oxide NP release ions, such as ionic silver (Ag*) release,
were typically identified to be at least partly responsible for the
toxicity of Ag NPs (Scanlan et al., 2013); NP aggregates adhered
to the carapace of marine organisms (Yung et al., 2015; Corsi
etal., 2020). Nevertheless, it remains unclear how salinity factors
affect damage of carapace adhesion and the toxicity (particle and
ionic toxicity) of NPs on marine organisms.

The carapace mainly consists of cuticle protein and chitin
in cladocerans, which play an important role in external
environmental defense, reproduction, growth, etc. (Repka et al.,
1995; Liu et al., 2014). However, little is known about the effect
and mechanism of NP aggregates adhering to the carapace, as
well as the effect of salinity. This study investigates the effects
of acute and chronic exposure by comparing the survival,
reproduction, and other parameters and examining the response
transcriptomics level. The current study also reveals the effect
and mechanism of salinity change on the toxicity of two NPs
in saltwater organisms. Thus, this study could be applied in the
early detection of ecologic risks mediated by other organisms and
assessment of the safety of metal-based NPs for use in seawater.

2 MATERIALS AND METHODS

2.1 Chemicals

The uncoated TiO, NP powder (299.5% trace metal basis, cat.
#13463-67-7-5G) and Ag NPs (299% trace metal basis, cat.
#484059-5G) were purchased from Sigma-Aldrich Sigma-
Aldrich, USA. Ultrapure water (18.25M&ohm;, Spring-R10i)
was provided by a Millipore Advantage System (Merck Millipore,
Darmstadt, Germany). Oshimas artificial seawater (Oshima’s
ASW, salinity 30%o) was prepared by dissolving NaCl (28 g), KCI
(0.8 g), MgCl,-6H,0 (5 g), and CaCl,-H,0 (1.2 g) in 1 | ultrapure
water and subsequently adjusting the pH to 8.0 £ 0.1 with 0.5
M NaOH. A 0.22-pm microporous membrane (Merck Millipore
Ltd., Burlington, MA, USA) was used for filtration after stirring
and fully aerating for 24 h (dissolved oxygen >8.6 mg/l), and
deionized water was then utilized to facilitate dilution to the
required salinity (5%o, 15%o, 25%o, and 35%o).

The nanoparticle suspension stock dispersion of TiO, NPs
(500 mg/1) and Ag NPs (100 mg/l) was prepared, and ultrasonic
vibration was used for 40 min (100 kHz, KQ-250DE). These NPs
were then transferred to a brown bottle for use (protect from
light). The nanoparticle suspension stocks of TiO, NPs (500
mg/l) and Ag NPs (100 mg/l) were used to realize dilution to the
required concentration. The nanoparticle suspension stock was
then ultrasonically shaken for 30 min before dilution. The solution
used for dilution was prepared in advance and fully blasted to
reach saturation (pH = 8.0 + 0.1, dissolved oxygen > 8.6 mg/l),
and different salinities (5%o, 15%o, 25%o, and 35%o) of seawater
were artificially filtered. The required concentration used TiO,
NPs (1 mg/l) and Ag NPs (1 mg/l), and all used suspensions were
freshly prepared. Ultrasonic vibration for 30 min was used for
the required experiments after the preparation.

2.2 NP Characterization

The particle size distribution of 1 mg/l TiO, and Ag NPs
dispersed in deionized water and ASW suspensions with
different salinities (5%o, 15%o, 25%o, and 35%o) were analyzed
using dynamic light scattering (DLS). Ultrasonic vibration for
30 min was immediately conducted after the preparation (all
samples were tested for less than 30 min) (Coleman et al., 2011).
The time-dependent sedimentation and ion release of TiO,
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and Ag NPs in seawater suspensions with different salinities
at 20°C for 24 h were detected by ICP-MS (Liu and Hurt,
2010). The characterization of the two NPs was observed and
recorded by field emission scanning electron microscopy (SEM)
(Mag = 80.00 kx, EHT = 20.0 kV).

2.3 Holding Conditions and Laboratory
Cultures of Study Organisms

M. mongolica

M. mongolica used in this research was initially collected from a
marine farm (Zhangzhou). It was then placed in a long-standing
stock culture at Xiamen University and consecutively reared for
approximately 2 years under controlled laboratory conditions.
Briefly, the specimens were maintained in stock culture under
semi-static conditions in a 2-1 cultivation container filled with
0.22 um filtered seawater (FSW, salinity 25.0 £ 0.3) at 20 + 0.5°C
and under low light intensity of approximately 400 Ix with a 16:8-h
light:dark photoperiod in a programmable illuminated incubator
(Boxun SPX-2501-G). M. mongolica cultures were fed daily with
a mixture of two phytoplankton species: 1:1 ratio of Chlorella
vulgaris and Isochrysis galbana in an exponential growth phase at
a constant rate of 10 cells/ml. The test used M. mongolica stably
cultured in a constant temperature light incubator for at least 10
generations in advance according to the conditions required by
the experiment, and salinities based on different experimental
requirements were 5%o, 15%o, 25%o, and 35%o. These species
were fed twice a day, the solution was changed every 2 days, and
the newborn individuals were discarded. The fifth-born newborn
larvae were used for passage. The larvae used in all experiments
were the newborn larvae within 24 h of the 3rd to 5th litter in the
domestication group.

2.4 Toxicity Effects of TiO, and Ag NPs

on M. mongolica

Concentrations of TiO, and Ag NPs were selected on the basis
of preliminary acute and chronic toxicity test results. Initially, a
standard acute test method for Daphnia magna was used with
appropriate modifications based on OECD 211 (OECD, 2012) to
determine the toxicity of TiO, and Ag NPs to M. mongolica.

2.4.1 Acute Toxicity Tests

The tests were set under the conditions of 25%o salinity and
20 = 1°C temperature. The test concentrations of TiO, NPs
are as follows: 1, 2, 3, 4, 5, 6, and 7 mg/l. Meanwhile, the test
concentrations of Ag NPs are 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2
mg/l. Each treatment was replicated six times and assigned to
a randomized block design. During the first 96 h of the test,
each replicate comprised five third-brood neonates (between 6
to 24 h old) that were held in a crystallizing dish (height 5 cm;
internal diameter 8.5 cm). A total of 100 ml of test solution was
assigned for each concentration group, and six parallel replicates
and controls were set. Each replicate group had five healthy and
active larvae within 12-24 h of reproduction in three to five
fetuses in the acclimation group. The experimental test solution
for inhalation was selected in accordance with the low to high

concentrations. After the start of the experiment, observations
were made every 6 h, and the dead individuals were sucked out.
The identification method of whether the individual died or not
was as follows: lightly touch the individual with a dissecting
needle and continuously touch them for 18 s to determine the
dead individual. The test and control solutions were replaced
every 12 h, and the experimental results were recorded accurately
for 96 h. The individuals were not fed during the experiment.

2.4.2 Chronic and Generational Survival

Toxicity Tests

According to the acute toxicity test and preexperiment results,
the exposure groups of five chronic experiments were set under
the conditions of 25%o salinity and 20 + 1°C temperature, and the
concentrations of the TiO, NP solution was 0.4, 0.8, 1.6, 3.2, and
6.4 mg/l. The Ag NP solution concentrations were 0.05, 0.1, 0.2,
0.4, 0.8, and 1.6 mg/1. Each concentration group contained 10 ml
experimental solution, and 30 parallel replicates and 30 controls
were set; each replicate and parallel group was a 20-ml system,
and one healthy and active larvae of acclimated groups 3-6 were
placed within 24 h of reproduction. The experimental period is
21 days, the experimental solution is replaced every 24 h, and the
mixed algal solution is fed once after 12 h of replacement. The
solution was fed after shaking and dissolving, and the feeding
amount was 3 x 10°¢ cells/l. The survival and larval conditions
of the experimental organisms were observed every 12 h and
recorded.

According to the results of the 21-day chronic toxicity test
experiment, the control group, the two concentration groups of
TiO, NPs (0.4 and 1.6 mg/l), and the two concentration groups
of Ag NPs (0.1 and 0.4 mg/l) were selected for generational
exposure experiments. The experimental method aims to
select 30 healthy larvae randomly from the third litter of the
parent (within 24 h of incubation) as the next generation. Each
generation is continuously cultured for 21 days, and the four-
generation transmission experiment from FO to F3 is performed.
Other experimental methods and statistical endpoints are the
same as those of a 21-day chronic exposure experiment.

2.5 Effect of Salinity on the Toxicity
and Bioaccumulation
The salinity is set to the following four gradients: 5%o, 15%o,
25%o, and 35%o. The acute and chronic test methods are the same
as those in 2.4 of this study. According to the preexperiment, the
initial calibration concentration settings for the acute test of TiO,
and Ag NPs are as follows: 1. 2, 4, 6 and 0.1, 0.25, 0.5, 1.0 mg/],
respectively; the initial calibration concentration settings of TiO,
and Ag NP chronic tests are as follows: 1, 2, 4, 6, 8 and 0.05,
0.1, 0.2, 0.4, 0.8, 1.6 mg/l, respectively. The initial individuals of
each condition group in the acute experimental group were 10
larvae (within 12-24 h) with three parallels in each group, and
the 21-day experimental group with 30 individuals in each group
(within 12-24 h) was in parallel.

Cumulative situation: The TiO, NPs of 1 and 4 mg/l and
the Ag NPs of 0.25 and 1 mg/] exposure groups were selected
for the 96-h exposure, and the samples were continuously
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sampled every 12 h. Fifty live animals were sampled per batch
in each group. NPs accumulate changes and accumulate in
larvae before and after molting which were selected from the
2- and 6-mg/1 TiO, NPs and 0.1- and 0.4-mg/l Ag NP exposure
groups for detection of the parent animals and reproductive
larvae before and after molt release (and nauplius birth) of
one fetus. The specific operations were as follows: when an
individual in the same batch had one embryonic molt release
(and nauplius birth) in each group, 30 non-reproductive
individuals were immediately sampled as samples before
molting, 60 non-reproductive individuals were transferred to
the same salinity control solution at the same time, and 30
non-reproductive individuals were selected within 6 h. Only
individuals were used as post-molt samples, and 50 newly
bred larvae were selected as larval samples. Therefore, the
accumulated detection samples were dried, weighed, and
digested after cleaning, and the corresponding Ti and Ag
metal contents were detected by ICP-MS (Agilent-7700x).

2.6 RNA Isolation and Sequencing
Transcriptomic analyses were conducted on six groups of
samples; the samples for acute toxicity analysis combined with
the experimental results in acute toxicity test were cultured
under acute experimental conditions for 60 h (because at this
time, both NPs were exposed to significant lethal effects and
were in the molting period), and the survival rate of the two
NP-exposure conditions was close to 50%. The samples for
chronic and reproductive toxicity analysis were selected based
on the comprehensive consideration of NP exposure before
the third fetus, and each group was selected from the 15th day,
and the concentration group with a significant lethal effect
and reproductive toxicity is selected. When three reproductive
individuals appear in each exposure and control, the fixed non-
reproductive individuals serving as samples were immediately
selected. Different groups of samples were denoted as Acute-
TiO, NPs (A-TiO,), Acute-Ag NPs (A-Ag), Acute-Control (A-0),
Chronic-TiO, NPs (C-TiO,), Chronic-Ag NPs (C-Ag), and
Chronic-Control (C-0).

The BLASTx program (http://www.ncbi.nlm.nih.gov/
BLAST/) with an E-value threshold of 1e-5 to the NCBI non-
redundant protein (Nr) database (http://www.ncbi.nlm.nih.
gov), the Swiss-Prot protein database (http://www.expasy.
ch/sprot), the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg), and the
COG/KOG database (http://www.ncbi.nlm.nih.gov/COG)
was used to annotate the unigenes. Then, protein functional
annotations could be obtained according to the best alignment
results.

Each sample was collected and homogenized in TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and RNA was
extracted according to the manufacturer’s protocol. The use
of ethanol precipitation instead of an RNA-binding column
in this separation allows us to analyze mRNA and microRNA
in one sample. Agarose gel electrophoresis (1.5%), NanoDrop
2000 (Thermo Scientific, Wilmington, USA), and Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)

were used to check the RNA integrity, concentration, and
quality. The RNA integrity numbers of the samples were all
above 8.0. The same RNA samples were used for mRNA and
real-time quantitative PCR (RT-qPCR) analysis.

After the total RNA extracted from each group of samples
was qualified, the mRNA was enriched using magnetic beads
with Oligo (dT). Fragmentation buffer is then added to break
the mRNA into short fragments. The first cDNA strand was
synthesized by using a short fragment of mRNA as a template
using random hexamers, and then the second cDNA strand
was synthesized by adding buffer, dNTPs, RNase H, and
DNA polymerase I. After purification by QiaQuick PCR
Kit and elution with EB buffer, end repair was performed,
poly(A) was added, and sequencing adapters were connected.
Then, fragment size selection and recovery were performed
by agarose gel electrophoresis, and the recovered products
were amplified by PCR. An mRNA library was built. The
constructed sequencing library was sequenced with Illumina
HiSeq™ 2000.

Gene expression validation refers to the information provided
by the supplier; from the RNA samples, 500 ng RNA of each
sample was used for reverse transcription to cDNA using a
TransScript” AT131 RT Reagent Kit with gDNA Eraser (TaKaRa
Biotech Co., Ltd., Dalian, China).

One microliter (50 ng) of each cDNA sample was used for
qPCR using the FastStart Universal SYBR Green Master (Roche,
Germany) on a LightCycler 96 (Roche, Germany). All reactions
were performed in triplicate. All quantifications were performed
with beta-actin as a normalized reference, and relative amounts
of mRNA were calculated using the 2-44¢t method. Primer
specificity was confirmed by evaluating product melting curves.
For microRNA RT-qPCR, TransScript Green miRNA Two-Step
qRT-PCR SuperMix (TransGen Biotech, Beijing, China) was
used to facilitate cDNA synthesis, followed by specific primers
for amplification.

2.7 Statistical Analyses

Acute toxicity tests were performed using SPSS 19.0. All other
statistical analyses used R for calculation analysis, and GraphPad
Prism was used for graph production. An unpaired t-test was
also applied to show statistical differences between negative
and positive controls. Significant differences were reported
at P < 0.05, and results were presented as mean * standard
deviation (S.D.).

3 RESULTS

3.1 Characterization of TiO, NPs

and Ag NPs

The initial SEM and TEM measurements showed the uniform
dispersion of the two NPs (Figure 1A). The scanning results
and particle size analysis revealed that the TiO, NPs were
approximately spherical particles, while the shape of the Ag
NPs was relatively different (regular, spherical, elongated,
and irregular) (Figure 1B). The particle size range of TiO,
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FIGURE 1| The SEM image of TiO, NPs (A) and Ag NPs (B), and particle
size distributions (n = 100) of TiO, NPs (C) and Ag NPs (D) in this studly.

and Ag NPs is 8.33-49.58 nm (Figure 1C) and 25.00-114 nm
(Figure 1D).

The DLS measurements revealed that TiO, NP and Ag NP
agglomerate and sedimentation are rapidly influenced by high-
concentration ions in seawater under laboratory conditions
(temperature 20°C and salinity 25). The agglomeration sizes
(773.8 and 840.8 nm) of TiO, and Ag NPs with average particle
sizes of 23.26 and 53.87 nm in seawater with a salinity of 25%o
are substantially larger than those in freshwater (277.6 and
193.14 nm) at nominal values of 1.0 mg/l. The initial dissolution
rates of 1.0 mg/l TiO, and Ag NPs in fresh water and salinity
25 seawater in 24 h were 38.34%, 18.94% and 39.58%, 17.35%;
in four salinity gradients (5%o, 15%o, 25%o, and 35%o), a high
salinity leads to the significant settlement of the two NPs. A high
initial concentration leads to a low dissolution ratio of the two
NPs (Figure 2).

3.2 Effects of Acute and Chronic
Exposures to TiO, and Ag NPs
on M. mongolica
The exposure of two NPs at a certain concentration has acute
and chronic toxicity effects on M. mongolica. The 48-h LC50
and 72-h LC50 of the TiO, NP exposure on M. mongolica
were 10.61 and 4.14 mg/l, respectively, and those of Ag N
exposure were 0.79 and 0.65 mg/l, respectively (Table 1). The
21-day chronic experiment showed that the exposure time
and concentration of the two NPs had significant effects on
the mortality rate (P < 0.05) (Figure S1). However, only the
highest-concentration group (6.4 mg/l) of TiO, NP exposure
had a significant negative impact on the reproduction and
intrinsic rate of population increase (r,,) of M. mongolica. All
the TiO, NP exposure groups did not induce aborted offspring.
Ag NP exposure showed toxicity not only on the mortality rate
but also on reproduction and generations. The concentration
of Ag NP exposure above 0.2 mg/l reduced reproduction and
decreased the number of offspring and r,,, and the increase
in the number of abortions was significantly different from
the control group (Figure 3). The experiment over three
generations showed no significant difference in the survival
between the control group and the TiO, NP exposure groups
but significantly affected the Ag NP exposure of M. mongolica.
The survival rate of the Ag NP exposure group decreased with
three generations of Ag NP exposure. Therefore, Ag NPs may
be highly genotoxic to M. mongolica.

The experiment revealed that the two NP aggregates were
filled inside the digestive tracts and molt carapace (Figure 4).

3.3 Effect of Salinity on the Toxicity and
Bioaccumulation of NPs

This study analyzed the effects of salinity changes on the acute
exposure and toxicity of two NPs. The results showed that acute
and chronic toxicity exposure of the two NPs was significantly
affected by salinity changes (Figures S2, 3), but the trends
of toxicity effect were opposite with the exposure of the two
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TABLE 1 | Comparison of effect concentrations of TiO, and Ag NPs on M. mongolica after acute exposure.

NPs LC10 (Cl) (mg/L) LC50 (Cl) (mg/L) df R? Sy.x
TiO, 48h 17.10 (11.34-22.86) 10.61 (2.63-18.58) 47 0.43 1.76
72h 6.33 (5.67-7.00) 414 (3.15-5.13) 47 0.81 1.04
Ag 48h 1.12 (0.94-1.29) 0.79 (0.55-1.03) 41 0.68 0.23
72h 1.03 (0.94-1.11) 0.65 (0.52-0.78) 41 0.89 0.14

NPs. The increase in salinity enhanced the toxicity of TiO, NP
exposure to M. mongolica, while the toxicity of Ag NP exposure
was decreased.

The largest difference in reproductive effects caused by TiO,
and Ag NP exposure was reflected in the death of reproductive
larvae. Neither the control group nor the TiO, NP exposure groups
under all salinity conditions resulted in the death of reproductive
larvae. However, in the Ag NP exposure groups, the larval death
phenomenon occurred at all salinities and exposures at different
concentrations (Figure 5). In the medium- and low-concentration
Ag NP exposure groups (<0.4 mg/l), the death rate of reproductive
larvae of M. mongolica increased with the decrease in salinity,
and the high-concentration group did not demonstrate effective
accumulation for 21 days in the salinity below 15%o larvae. The
comparison between the conditions of 25%o and 35%o revealed
that the cumulative death rate of the larvae in the 35%o condition
was higher than that in the 25%o salinity exposure group when the
Ag NP exposure concentration was larger than or equal to 0.8 mg/1.

The salinity changes also significantly affected the
bioaccumulation of M. mongolica. The effect of salinity on the
accumulation of two NPs is different. The accumulation of TiO,
NPs was the highest when the salinity is 15%o, while that of Ag
NPs was the highest at 5%o and then decreased significantly
with the increase in salinity. The results also revealed that the
NPs that accumulated on the carapace (between before and after
molting) of the two NPs were the main accumulation modes
(approximately 40%-60% of all accumulations), which increased
with salinity. The nauplius test from adult exposure in the two
NPs showed that the Ag accumulation of Ag NP exposure was
higher than that of TiO, NP exposure, which was consistent

with the high mortality rate of nauplius from Ag NP exposure in
adults (Figure 6).

3.4 Transcriptome Analysis

3.4.1 Sequence Assembly and Generation

After trimming and quality assessment, each group’s
approximated47,602,732-71,049,522 cleanreads were obtained
for all samples (Table S1). Eighty-seven percent of these clean
reads were successfully aligned to the reference genome.
For de novo assembly and transcription-level comparative
analysis, we successfully constructed the M. mongolica mRNA
library and obtained high-quality transcription information.
A total of 27,274 genes were assembled, and 11,056 genes
were successfully compared with the four databases. All the
annotated genes had the highest homology with Daphnia
magna.

To explore the overall differences between the M. mongolica
expression profiles at different exposure conditions (A-TiO,,
A-Ag, A-0, C-TiO,, C-Ag, and C-0), all unigenes were used for
principal component analysis (PCA), and the result showed
that the biological replicates of each time point were close
to each other and far from the other time points (Figure
S4). Fourteen genes with significant differences, such as
antioxidant, detoxification, case and digestion, were selected
for RT-qPCR (Table S2). Identical results were acquired to
RNA-Seq findings, verifying the reproducibility and reliability
of the RNA-Seq data. The information of all differential genes
is displayed in Supplementary Data S1.

-
=)
|

]
1

o
1

IS
1

[N
1

o

[
=]
|

[N
=]
1

-
=)
1

(=]

Aborted offspringa at 14 reproduction

groups (P < 0.05).

Concentration of Ag NPs

FIGURE 3 | M. mongolica abdomen abortion due to exposure to Ag NPs. **Indicates values that are significantly different between different Ag NPs treatments

Cumulative number of aborted offspring in 21 Day

4

>

60
R
N Q Q

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 909701


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Huang et al.

Nanoparticles Effects on Marine Cladocerans

FIGURE 4 | Visual images of M. mongolica after 15 days of chronic exposure
to control solution (A), 3.2 mg/I TiO, NPs (B), 0.8 mg/l Ag NPs (C). TiO,

NPs accumulated inside the digestive tract (b-1, and b-2). TiO, NPs heavily
adsorbed on the carapace and distributed over the antennae, carapace,

and apical spine (b-3 and b-4) of the M. mongolica body. Ag NPs adsorbed
on the carapace, and the carapace (c-1, c-3, and c-4) accumulated inside
the digestive tract (c-2) and distributed over the antennae (c-5) of the M.
mongolica body. Exposure to Ag NPs, no egg laying of M. mongolica.

3.4.2 GO and KEGG Pathway Enrichment Analysis of
Differentially Expressed Genes
The reads obtained were used in the downstream analyses to

compare acute and chronic experimental samples with the
controls to quantitatively evaluate the inhibition or increase
in gene expression. The numbers of differentially expressed
genes (DEGs) in M. mongolica exposed to acute and chronic
NP exposure tests with respect to controls are shown in Figure
S5. Between acute exposure groups, there were a total of 667
DEGs (297 up-regulated, 370 down-regulated) in A-TiO,
groups and 266 DEGs (106 up-regulated, 160 down-regulated)
in A-Ag between controls. Between chronic exposure groups,
C-TiO, groups collected 619 DEGs (344 up-regulated, 275
down-regulated), and C-Ag groups collected 198 DEGs
(129 up-regulated, 69 down-regulated) between controls
(Table S3).

To understand the distribution of DEGs at a macro level, the
DEGs were mapped in accordance with the GO terms and the
KEGG pathway (Supplementary Data S2), respectively. The results
demonstrated that these DEGs were involved in the biological
process of single organism, cellular, metabolic, locomotion,
development, immune system, etc., with molecular function of
binding catalytic and transporter activity (Figure 7). In addition,
A-TiO, and C-TiO, groups were highly related to localization.

For better clarifying those biological pathways related to
NP exposure, KEGG pathway enrichment analysis was also
used to further elucidate the putative functions of these DEGs;
the top 20 pathways are exhibited in Figure 8. KEGG pathway
enrichment analysis demonstrated that most up-regulated
DEGs in A-TiO, groups were widely related with cuticles (e.g.,
amino sugar and nucleotide sugar metabolism, mucin type
O-glycan biosynthesis pathway) and signaling pathways (e.g.,
neuroactive ligand-receptor interaction and ECM-receptor
interaction). In addition, immune responses (e.g., lysosome and
peroxisome) and oxidative stress (e.g., glutathione metabolism
and peroxisome) were found to be the most-enriched pathways
in down-regulated DEGs (Figure 8A). Up-regulated genes in
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A-Ag groups were highly related to ABC transporters, immune
responses, etc.; down-regulated DEGs were related to cuticle,
oxidative stress, metal detoxification (cytochrome P450), and
apoptosis pathway (Figure 8B). C-TiO, groups were widely

related with cuticle and immune responses in up-regulated
DEGs, and reproduction and growth regulation in down-
regulated DEGs (Figure 8C). C-Ag groups were widely related
with metal detoxification, transmembrane transport, and
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FIGURE 8 | Differential KEEG map between acute (A) A-TiO2 groups, (B) A-Ag groups and chronic (C) C-TiO2 groups, (D) A-Ag groups) toxicity test groups.

immune responses in up-regulated DEGs, lysosome, energy
metabolism (e.g., arachidonic acid metabolism and starch and
sucrose metabolism), and growth regulation in down-regulated
DEGs (Figure 8D). Moreover, A-TiO2 and C-TiO, groups were
observed in renin secretion up-regulated pathways different from
A-Ag and C-Ag groups. Conversely, metal detoxification-related
DEGs, such as cytochrome P450, pentose and glucuronate
interconversions, and ascorbate and aldarate metabolism
pathways, were observed in A-Ag and C-Ag groups (Chatel and
Mouneyrac, 2017; Huang et al., 2020).

3.5 Critical DEGs Involved in Carapace

in M. mongolica

GO and KEGG pathway enrichment analyses showed that
the DEGs in all NP-treated groups were highly related to the
cuticle, which is the main component of the carapace. To
further understand the mechanism of the carapace related
with M. mongolica, we identified a few key DEGs that might
be related to the carapace; these DEPs in NP-treated groups
were mainly grouped into the following functions: related
to carapace (PRP1, LCP17, LCP22, LCP16/17, MYOMOD],
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FIGURE 9 | Heatmaps of critical genes involved in the carapace in different

treatment groups compared to unamended control.
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and resilin), related to chitin (CHIT1, CHIA, Cht3, CHST11)
and ecdysone (phm and Eh), and related to growth (Cd209d)
(Figure 9).

4 DISCUSSION

4.1 Toxicity Comparison of TiO, and Ag NP
Exposure to M. mongolica

Acute, chronic, reproductive, and generational experiments
in this study showed that Ag NPs had stronger toxicity and
faster toxic effects than TiO, NPs. Particularly, Ag NPs showed
strong reproductive and generational toxicity, while TiO, NPs
were insignificant. This result is in agreement with that of many
previous studies, in which Ag NPs are highly toxic to aquatic
organisms (Grifitt et al., 2008; Arulvasu et al., 2014; Orbea et al.,
2017), while TiO, NPs had low toxicity (Adams et al., 2006;
Wiesenthal et al., 2011; Amiano et al., 2012; Hartmann et al,,
2012; Ates et al., 2013; Lu et al., 2018). This finding is related to
the two toxic mechanisms of NPs: particle toxicity and release of
metal ions.

Ag* released by Ag NPs has metal toxicity and can quickly
enter the body and with seawater, which might be responsible for
strong reproductive toxicity and larval mortality. In seawater, Ag
will be converted into AgCly,,, with high bioavailability (Engel
et al,, 1981). Thus, Ag NP exposure to M. mongolica facilitates
absorption and utilization, thereby rapidly producing strong
toxicity. Arulvasu et al. found that Ag NPs had toxic effects on
the survival, molting, hatching rate, and generation of Artemia
(Arulvasu et al., 2014), and Ag NPs could cause malformations
in zebrafish embryos (Orbea et al., 2017) similar to the results of
this study.

Data of GO and KEEG showed that metal detoxification and
reproductive repair were severely impacted in A-Ag as well as
C-Ag groups, and down-regulated genes showed that oxidative
stress, immune stress, and detoxification were inhibited. These
results were considered to be related to Ag* toxicity in previous
studies (Eom and Choi, 2010; Fabrega et al., 2011; Piao et al,,
2011) and different between the TiO, NP exposure group in this
study. Further analysis showed that the total number of DEGs
was several times less than in the TiO, NP exposure group;
this phenomenon was similar to the comparison of Ag NP and
AgNO,; exposure results, but the number of DEGs of AgNO,
exposure was smaller (Piersanti et al., 2021). Moreover, pathway
enrichment was related to apoptosis in A-Ag and C-Ag. These
results were triggered by Ag NP-released Ag* ions.

4.2 Salinity-Based Toxicity of TiO, and Ag
NPs to M. mongolica

NPs will agglomerate in seawater, and the sizes of TiO, and Ag
NP aggregates all increased with salinity in this study. Both NPs
released metal ions in seawater, but their ion release showed the
opposite (Figure 2). The release of Ti** from TiO, NPs in seawater
was lower than that in freshwater and decreased with increasing
salinity. Meanwhile, the Ag* released from Ag NPs increased
with salinity. Moreover, salinity affects the accumulation and

accumulation on the carapace of the two NPs in M. mongolica.
Under high salinity, the total accumulation of Ti is high, while
that of Ag is low (Figure 7). This finding may also affect the
toxicity of the two NPs under different salinity conditions.

The toxicity of TiO, NPs to M. mongolica increased with
salinity, but opposite results were observed for Ag NPs. This
finding may be related to the influence of salinity on the
dissolution and the different toxicity mechanisms of the two
NPs. TiO, NPs mainly have particle toxicity and suggest carapace
damage to M. mongolica, while Ag NPs also have toxicity by
release of Ag*. The agglomeration of TiO, NPs was enhanced
with the increase in salinity, and the accumulation and adhesion
on the carapace leading to toxicity were enhanced. Meanwhile,
the agglomeration of Ag NPs was also enhanced, but Ag* was
bound by high concentrations of Cl, which reduced the Ag*
metal toxicity. At high salinity, the dominant species of inorganic
Ag shifts to negatively charged silver (i.e, AgCl*, AgCl*)
which is less bioavailable than AgCl,,,, (Chan and Chiu, 2015).
Previous studies have also shown that the toxicity of ZnO-NPs to
the marine diatom decreased with increasing salinity (Chan and
Chiu, 2015). In addition, salinity changes also affect the osmotic
pressure of the organism, and TiO, NP-treated groups resulted in
up-regulated DEGs of renin secretion in this study. Accordingly,
salinity also affects the osmotic regulation of organism exposure
to NPs.

Salinity factor affects various mechanisms such as NP
aggregation, ion release, and ion bioavailability and osmotic
pressure sensitivity of organisms, thereby affecting the toxicity
of NPs in seawater (Keller et al., 2010). Therefore, salinity factors
are key to designing and interpreting nanoparticle ecotoxicity
studies in marine areas.

4.3 Carapace Damage May Be One of the
Main Toxic Mechanisms of the Two NPs

to M. mongolica

Both two NP aggregates and adhesion on carapace (Figure 4)
and the cumulative ratio of the carapace were remarkably high
(approximately 40%-60%, Figure 8). The phenomenon of NPs
adhering to the surface of aquatic organisms, such as Daphnia
magna, Artemia, Nereid, and marine medaka, has been found
in many studies (Allen et al., 2010; Zuykov et al., 2011; Al-Sid-
Cheikh et al., 2013).

This finding shows that two NP responses suggest that
carapace damage influences the defense, growth, molting, and
reproduction of M. mongolica. Transcriptional analysis was
consistent with this conclusion. GO and pathway enrichment
analyses of DEGs in all NP-treated groups showed critical DEGs
involved in carapace in M. mongolica (Figure 9). The carapace
of cladocerans is associated with defense, growth, reproduction,
and molting (Repka et al., 1995; Jia et al., 2018). Particularly in
the two NP exposure groups, the following were observed: high
mortality rates before and after the molt release (and nauplius
birth), carapace damage, and molting difficulties caused by the
adhesion of NPs on M. mongolica carapace and the possible
fragility of M. mongolica at this stage.
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Interestingly, the influence of simulated microgravity of
Daphnia magna affected the pathway of pentose phosphate and
fructose and mannose metabolism (Trotter et al., 2015); these
pathways were also affected in the NP treatment groups, and due
to NP aggregates and adhesion on the carapace, M. mongolica
may also be affected by the stressful condition of altered gravity.
In addition, salinity also affected two NP aggregates on the
carapace of M. mongolica. Carapace damage may be one of the
main toxic mechanisms of the two NPs in seawater.

5 CONCLUSION

This study combined ecotoxicology, transcriptomics, and the effects
of salinity factors to analyze the toxic effects of TiO, and Ag NPs on
M. mongolica. The toxicity sources of metal and metal oxide NPs in
seawater include special NP particle toxicity and metal ion toxicity.
TiO, and Ag NPs have NP particle toxicity effects on M. mongolica,
which would cause oxidative and immune stresses, respectively. One
of the main toxic mechanisms is carapace damage due to aggregate
adhesion of two NPs. Ag NPs have stronger acute, chronic, and
reproductive toxicity mainly due to the metal toxicity caused by the
release of Ag*. In seawater, the salinity factor affects various aspects,
including the dissolution of NPs and different toxicity mechanisms.
Comprehensively considering the conditions of the test organisms
and NPs is necessary to assess the toxicity of NPs in seawater.
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