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Abstract

Shallow coastal habitats are commonly exposed to multiple stressors including pollution
from point and non-point sources, fluctuations in temperature and salinity that can
interactively affect the performance and health of keystone marine organisms including
benthic ecosystem engineers such as the mussels. Engineered nanoparticles (nZnO)
from multiple sources are contaminants of emerging concern (CECs) in coastal habitats
especially in the closed inland basins such as the Baltic Sea. Toxicity of nanoparticles
have raised concerns about their potential effects on coastal ecosystems, yet the
mechanisms of the nanoparticle toxicity and their interactions with common abiotic
stressors such as temperature and salinity are not well understood. The blue mussels of
the genus Mpytilus play important ecological and economical roles in temperate to
subarctic coastal ecosystems and are biological indicator species for ecosystem health.
Mussels can accumulate nanomaterials and are sensitive to their toxicity due to their
filter-feeding habit. The aim of our present study was to investigate the combined effects
of seasonal warming, acclimation at elevated temperatures and salinity stress on
bioenergetics, immune and general cellular stress responses to nZnO nanoparticles
pollution in the blue mussels M. edulis. To achieve this aim, we determined the combined
effects of seasonality (winter and summer), warming (+5 °C above the season-specific
ambient temperature), different salinity regimes (normal salinity 15, low salinity 5 and
fluctuating salinity 5-15) as well as exposure to the environmentally relevant
concentrations of nZnO (10 and 100 pg 1'1) for 21 days on key fitness-related traits
including bioenergetics, innate immunity, and cellular stress response in the M. edulis
from the Baltic Sea. Exposure to dissolved Zn (as ZnS0O4) was used to test whether the
toxic effects of nZnO might be due to the potential release of Zn2+. Our study shows that
nZnO exposures regulate the expression of immune-related genes and the immune-
related functions in hemocytes, negatively affect the bioenergetics and cellular energy
allocation in the whole soft tissue, and induce oxidative stress and apoptosis in gill and
digestive gland in the mussels M. edulis, and that the immunomodulatory effects,
bioenergetics responses and cellular stress responses of nZnO are strongly regulated by
the elevated temperatures and the season as well as the environmental salinity regimes.
Furthermore, the multi-biomarker analysis shows that the toxic effect of nZnO has
different mechanisms and might be stronger than the effect of the equivalent
concentrations of dissolved Zn in the mussels. Our study provided new insights into the
bioenergetics, immunomodulation and cellular stress mechanisms underlying the
combined effects of temperature and salinity variations with nZnO toxicity in the
mussels and their implications for the survival and performance of the mussels’

populations in polluted coastal areas.



Kurzfassung

Flache Kiistenlebensrdume sind haufig mehreren Stressoren ausgesetzt, darunter
Verschmutzung sowie Temperatur- und Salzgehaltsschwankungen, die die Leistung und
Gesundheit wichtiger Meeresorganismen, einschliefdlich benthischer
Okosystemingenieure wie Muscheln, interaktiv beeinflussen kénnen. Technisch
hergestellte Nanopartikel (nZn0O) sind neu auftretende besorgniserregende Schadstoffe
(Contaminants of Emerging Concern, CECs), insbesondere in geschlossenen
Binnenbecken wie der Ostsee. Die Toxizitdt von Nanopartikeln hat Bedenken hinsichtlich
ihrer potenziellen Auswirkungen auf Kiisten6kosysteme geweckt, doch die
Mechanismen der Nanopartikeltoxizitit und ihre Wechselwirkungen mit haufigen
abiotischen Stressoren wie Temperatur und Salzgehalt sind nicht gut bekannt. Die
Miesmuscheln der Gattung Mytilus sind o6kologisch und 6konomisch wichtige
Organismen in gemafigten bis subarktischen Kiistenokosystemen sowie
Bioindikatorarten fiir die Okosystemgesundheit. Muscheln kénnen Nanomaterialien
anreichern und sind aufgrund ihrer Filter-Fressgewohnheiten empfindlich gegeniiber
ihrer Toxizitat. Das Ziel dieser Studie war es, die kombinierten Auswirkungen von
Temperatur- und Salzstress auf die Bioenergetik, das Immunsystem und allgemeine
zelluldre Stressreaktionen auf die nZnO-Nanopartikel bei der Miesmuschel M. edulis zu
untersuchen. Dafiir wurden die Muscheln der kombinierten Auswirkungen von
Saisonalitdat (Winter und Sommer), Erwdarmung (+5 °C liber der jahreszeitspezifischen
Umgebungstemperatur), verschiedenen Salzgehaltsregimen (normaler Salzgehalt 15,
niedriger Salzgehalt 5 und schwankender Salzgehalt 5-15) sowie der umweltrelevanten
Konzentrationen von nZnO (10 und 100 pg I'1) fiir 21 Tage ausgesetzt, und die wichtige
fitnessbezogene Merkmale, einschliefdlich Bioenergetik, angeborene Immunitit und
zelluldre Stressreaktion wurden gemessen. Die Exposition gegentiber gelostem Zn (als
ZnS04) wurde verwendet, um zu testen, ob die toxischen Wirkungen von nZnO auf die
mogliche Freisetzung von Zn2+ zuriickzufiihren sein kénnten. Unsere Studie zeigt, dass
nZnO-Expositionen die Expression von immunbezogenen Genen und immunbezogenen
Funktionen in Hamozyten dndern, die Bioenergetik und zelluldre Energieallokation im
Korper negativ beeinflussen und oxidativen Stress und Apoptose in Kiemen und
Verdauungsdriisen von den Muscheln auslésen. Die immunmodulatorischen und
bioenergetische Stresswirkungen von nZnO sind stark durch die erhohten
Temperaturen, Salinitdt und Saisonalitit modifiziert. Dariiber hinaus zeigt die Multi-
Biomarker-Analyse, dass die toxische Wirkung von nZnO anders und teilweise starker
als die Wirkung auf die dquivalenten Konzentrationen von geldstem Zn ist. Diese Arbeit
liefert neue Erkenntnisse iiber die Bioenergetik, die Immunmodulation und die
zellularen Stressmechanismen, die den kombinierten Auswirkungen erhohter
Temperatur- und Salzgehaltsschwankungen mit nZnO-Toxizitdt in den Muscheln
zugrunde liegen, und deren Bedeutungen fiir die Lebensfihigkeit der
Muschelpopulationen in verschmutzten Kiistengebieten.
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1. General Introduction

1.1. Introduction
1.1.1. Coastal ecosystems under multiple stresses

Coastal ecosystems are among the most threatened in the world owing to habitat
degradation, global climate change, urbanization and pollution [1, 2]. A recent
comprehensive risk analysis of human activities listed chemical pollution as the
highest risk faced by the coastal waters and biota [2]. With the widespread
commercial and industrial application of manufactured nanoparticles,
nanomaterials became important emerging pollutants that accumulate in the
coastal environment posing a potential threat to coastal marine ecosystems,
associated biota and human health [3, 4]. Coastal ecosystems are particularly
vulnerable to emerging pollutants including nanomaterials, because they serve
as the sinks of pollutants from land and river sources [4, 5]. However, the toxic
mechanisms and effects of nanopollutants on marine organisms and ecosystems
are not yet fully understood, especially in the context of natural changes of other
abiotic stressors common in the coastal marine environments. Considering the
impacts of global climate change and increasing human pressure on coastal
ecosystems, it is essential to understand the physiological mechanisms that allow
marine coastal organisms to survive and adapt to increasing pressure from
multiple stressors and that set limits to their tolerance to combined stressors.
This knowledge is essential for understanding the impacts of climate change and
human activities on coastal biodiversity and ecosystem health and for developing

policies to mitigate such impacts.

The Baltic Sea is a good model system representative of shallow coastal
ecosystems under combined pressure of natural and abiotic stressors [6]. The
Baltic Sea ecosystem is a hot spot for coastal ecotoxicology research serving as a

model to gain valuable information about environmental risks from pollutant



toxicity [7]. The Baltic seawater has a long residence time (up to 25-40 years)
and a slow exchange rate, resulting in the persistence of toxic substances in the
Baltic environment [8]. This is a semi-enclosed shallow sea with an average
depth of 53 m (86% of the Baltic Sea is shallower than 200 m and 20% of the
Baltic Sea is shallower than 15 m). The Baltic Sea is connected to the Atlantic
Ocean through the narrow and shallow waterway, resulting in limited water
exchange with the North Sea [9]. The Baltic Sea is a non-tidal region, and its
horizontal water flow is mainly due to wind and transverse density gradient
caused by temperature and salinity gradient [10]. The Baltic Sea is greatly
influenced by fresh water influx from land catchments, so that rainfall and river
runoff account for one fortieth of the Baltic Sea water [8, 11]. This is one of the
main reasons why the salinity of the Baltic Sea is lower than that of the open
seas. The salinity of the Baltic Sea varies greatly in space, ranging from a
minimum salinity of 1-2 (practical salinity units) in the north and east Baltic Sea
to the maximum salinity of 20 in Kattegat. Salinity in the Baltic Sea fluctuates
over time due to the changes of the saltwater influx, precipitation and
evaporation [12]. Because of its shallow depth and locked inland position, the
Baltic Sea is vulnerable to the ongoing climate change. By the end of this century,
the summer average temperature of seawater in the Baltic Sea are predicted to
rise by 2-4 °C, and the precipitation in the Baltic Sea will increase by 30% lead to
the freshening of the surface Baltic seawater [13]. In addition, while many
industrial legacy contaminants (such as trace metals and persistent organic
pollutants) are now tightly controlled, the densely populated Baltic Sea coasts
are increasingly exposed to emerging pollutants including engineered
nanoparticles [14-16]. Hence, in the present study, the Baltic Sea was selected as
an example of coastal ecosystem under multiple stresses and the Baltic

populations of the mussels Mytilus was selected as our experimental species.
1.1.2. nZnO as emerging contaminants in the coastal marine environments

Manufactured nanomaterials (i.e. materials containing particles with one or
2



more dimensions < 100 nm) are increasingly used in industrial applications and
consumer products, such as energy production, medicine and personal care
products due to their stability and novel properties compared to those of bulk
material [4]. A key feature of engineered nanomaterials, which renders them
useful for many applications, is the improved reactivity due to the high surface to
volume ratio; however, this characteristic (the small size of nanoparticles) also
raises concerns about the environmental and human health hazard of

nanomaterials during their production, use or release into the environment [4].

Zn0 has been placed as a priority pollutant by the US EPA (US Environmental
Protection Agency) [31] and as ecotoxic agent by the EU hazard classification
[32] based on the toxic effects of dissolved Zn and bulk ZnO on organisms. The
toxicity evaluation of nZnO is based on the hypothesis that its toxicity is mainly
caused by ions released by ZnO nanoparticles [32]. Therefore, nZnO is classified
as an ecotoxic substance in freshwater and marine environment by inference
from Zn2+toxicity [33]. Due to the rising concerns about the wide dispersive use
of nZn0O and insufficient information on its toxicity, nZnO has been placed as a
priority pollutant urgently requiring investigation by ECHA (European Chemicals

Agency, https://echa.europa.eu).

Zn0 nanoparticles (nZn0) is a common type of metal-containing nanomaterials
used in various products and applications [4, 17-19]. ZnO nanoparticles hold the
third highest place (after SiOz and TiOz) in terms of the global production volume
with the annual production ranging from 550 to 10,000 tons based on different
estimates [17, 20, 21]. ZnO nanoparticles are widely used in medicine, cosmetics,
industry, agriculture, textiles and packaging as antibacterial agents, ultraviolet
shielding agents, anti-corrosive agents, catalysts, antifouling agents and drug
delivery systems [17, 18, 22-24]. This leads to the massive release on nZnO into
the environment from the point- and non-point sources and raises concerns
about the potential impact of the highly reactive nZnO on marine organisms,

human health and the environment [4, 17, 18]. It is estimated that about 10% of
3
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all produced nZnO is released into the environment, and more than 95% of them
enter the aquatic environments from wastewater treatment plants, antifouling
paints and personal care products accumulating in sediments and water

including coastal areas [25, 26].

Due to the lack of the analytical methods to determine nZnO in complicated
natural matrices (such as sediment or seawater), the quantitative evaluation of
nZnO exposures in marine environment is facing challenges; however, the
available probabilistic modeling-based estimates predict that environmental
concentrations of nZnO reach hundreds ng I in the European surface waters
[27-30] and up to 100 pg kg in the sediment [26, 29]. These environmentally
relevant concentrations of nZnO raise concerns about the potential toxic effects

of nZnO on marine organisms and the environment [4, 17].

It's worth noting that recent studies in freshwater mussels and amphibians show
that nanoparticles including nZnO may show different toxic mechanisms from
that of dissolved metals including ionic Zn2*[34-38]. These findings challenge the
assumption of the release of Zn?* as the main toxic mechanism of ZnO
nanoparticles that underlies current ecotoxicological risk assessments of nZnO
[32]. There is increasing evidence that nZnO can exert toxicity not only by the
release of zinc ions, but also by production of reactive oxygen species (ROS) and
direct particle interaction causing physical damage through internalization [39,
40]. Furthermore, studies in mammals and marine mussels have found that the
toxicity of nanoparticles depended on the size and shape of the nanostructures
[41, 42], further lending support to the notion that nanoparticles’ toxicity cannot
be fully ascribed to the toxicity of the metal they contain. The mechanisms and
impacts of nZnO toxicity therefore require further investigation, particularly in

marine organisms that are potentially exposed to high nanoparticle load [43-48].

Zn0 nanoparticles present a toxicity risk to a broad range of aquatic organisms

including microorganisms, algae, invertebrates and vertebrates [47, 49]. Most



ecotoxicological studies of ZnO nanoparticles have been conducted on freshwater
organisms using relatively high, not environmentally relevant concentrations of
nZnO [34, 35, 37, 38, 40, 47, 49-52]. Similarly, most studies on the ecotoxicity of
Zn0O nanomaterials in marine organisms focused on the effects of high
concentrations of these contaminants. Thus, recent studies in marine organisms
including mussels, clams, oysters and amphipods have found that exposure to
high concentrations (0.1-4 mg 1'1) of nZnO can affect the immune response [45,
48, 53, 54], impair feeding, growth and metabolism [55, 56], change cellular
respiration and energy budgets [57], cause oxidative stress [58, 59] and
negatively affect reproduction [55]. Interestingly, the effect of nZnO on these
organisms is not simply dose-dependent. In addition, the potential
ecotoxicological effects of the environmentally relevant concentrations of
nanoparticles including nZnO in marine organisms have not been extensively

studied [17, 26, 42].

The biological effects of nanoparticles including nZnO could be influenced by
other environmental factors such as temperature, pH, salinity, or presence of
other pollutants [48, 54, 60-62]. These interactions might be due to the direct
impact of abiotic environment on the physicochemical properties of
nanoparticles (such as the surface change and aggregation behavior) that
influence the bioavailability and reactivity of nanoparticles [44, 63, 64], or
indirect physiological effects of nanoparticles and other stressors on the
organisms’ metabolic machinery and cellular protective mechanisms [35, 50, 54,
64-67]. In polluted environments, the cumulative effects of stressors that act on
the same pathways or molecular targets can complicate the interpretation and
assessment of responses to nanoparticles. At present, only a handful of studies
have investigated the interactive effects of nanopollutants and other abiotic
stressors (such as temperature, salinity, or pH) on the physiological responses
and fitness-related traits (including metabolism, immunity, cellular stress

response, development, growth or reproduction) of marine organisms [35, 44,

5



50, 54, 64, 66, 67]. This limits our ability to understand the potential toxic effects
of metal-containing nanopollutants such as nZnO in the naturally variable coastal
environments and increases the uncertainty of environmental risk assessment of

nanoparticles [68].
1.1.3. The blue mussels Mytilus edulis as model organism in ecotoxicology

The blue mussels (Mytilus spp.) play important ecological and economical roles
in temperate to subarctic coastal ecosystems around the world [69, 70] and are
common biological indicator species for assessment of the ecosystem health and
environmental pollution monitoring [71, 72]. Mussels are common fouling
organisms that form dense sediments (called mussel beds) on natural and
artificial hard substrates in subtidal and intertidal zones of temperate to
subarctic coastal ecosystems around the world [69, 70]. Fouling organisms are
animal or plant species that exist in water and adhere to natural and artificial
hard substrates immersed in water. When attached to the hull and water works,
these organisms accumulate and grow, forming layers of sedimentary material
harmful to the hull and the works. The production of marine mussels for human
consumption (>15 million tons with a total value of over 20 billion US$ per year)
accounts for about 14% of the world’s seafood production [73]. Most (89%) of
the mussels’ production comes from aquaculture, and only 11% comes from wild
fisheries [73]. Notably, the seed resources for aquaculture production are mainly
collected from natural populations [73]. Mussels serve as important ecosystem
engineers in marine benthic habitats because they form mussel beds, providing
refuge and food for many small organisms by increasing habitat complexity and
contributing to the benthic-pelagic coupling and top-down control of the water
quality. Owing to the ecological and economic importance of the mussels, their
biology, ecology and physiology (including molecular and physiological stress
mechanisms) are well understood [71, 74-78]. The knowledge of fundamental
stress physiology of the mussels provides a solid foundation for biomarkers-

based assessment of their health condition.



The blue mussels are filter-feeders that efficiently filter out and ingest particles
of 4-35 um size, and partially retain larger (35-100 um) and smaller (<4 pum)
particles [79, 80]. Thus, mussels can potentially accumulate nanoparticles and
their aggregates [81] and are sensitive to their toxicity [35, 37, 42, 50, 82]. The
Baltic blue mussel populations of the genus Mytilus represents natural hybrids of
two closely related ecotypes M. edulis and M. trossulus [83], and the Mytilus
population at our chosen study site (54°10°49.602"N, 12°05°21.991"E) has about
100% (mitochondrial) and 70% (nuclear) genetic background of M. edulis [83].
Thus, the present experimental mussels were designated as M. edulis due to the
predominance of M. edulis genes in the studied natural hybrids [74, 83]. The
mussels M. edulis are ecologically dominant and economically significant species
in the Baltic Sea [84, 85] and are commonly exposed to emerging pollutants
including engineered nanoparticles as well as to temperature and salinity
variations in their habitats [48, 81]. Available studies showed that nZnO particles
and their aggregates can be retained and ingested through the gills and the
digestive tract, transported to internal organs including the digestive gland and
internalized by endocytosis in mussels [60, 86, 87]. The gills (as a key place of
nanomaterials uptake) and the digestive gland (as the main organ for
nanomaterials accumulation) are considered sensitive tissues for nanoparticle
toxicity in bivalves [87, 88], and were therefore used as target tissues in our
present study. Furthermore, immune cells (hemocytes) of bivalves are among the
earliest responders to abiotic stressors including metal-containing pollutants,
salinity variations and temperature stress [89-92]. This makes the circulating
hemocytes important stress-sensing tissues as well as a transport mechanism
and target tissue for metal-containing nanoparticles warranting their

consideration in the present analysis.

1.1.4. The interactive effects of nZnO and temperature on marine

organisms

Temperature is an important environmental factor that affects all aspects of
7



ectotherms’ performance, because it directly affects the rate of physiological and
biochemical reactions, fluidity of biological membranes and structural stability of
macromolecules such as DNA and proteins [93]. In temperate coasts, marine
organisms are commonly affected by the elevated temperature due to seasonal
warming and the global climate change [94]. Due to the climate change related to
massive emissions of CO2 in the atmosphere, the average surface seawater
temperature is increasing at a rate of about 0.11-0.13 °C per decade [95] with
even faster warming in semi-closed basins such as the Baltic Sea [96]. The recent
global climate change consensus models predict that the global average air
temperature will rise by 3-6 °C by the end of 21st century depending on to CO2
emission scenario [94]. Northern and Central Europe are warming faster than the
global average, and the average air temperature here is expected to rise by 5-8 °C
by the end of 21st century [94]. In marine bivalves, elevated temperature can
affect growth and reproduction [97], modulate the immune response [54, 98]
and physiological energetics [99-102], and cause cellular damage due to elevated
oxidative stress [101, 103-106]. This provides a physiological basis for potential
interactive effects of nZnO toxicity and seawater warming on the physiological
responses and fitness-related traits of marine bivalves in the context of the
environmentally relevant thermal variability. Furthermore, the surface seawater
temperature varies greatly in seasonal cycles and diurnal basis in the shallow
coastal areas of the Baltic Sea, combined with the long-term warming trend due
to the climate change [95, 107]. Thus, evaluation of the temperature-dependent
biological responses to nanoparticles requires consideration of seasonality,
which is an important factor affecting all aspects of temperate bivalve physiology
including reproduction, immunity and stress responses to pollutants [77, 78,

108-112].

Studies have shown that temperature may regulate the responses to toxicants in
aquatic organisms including marine bivalves [113]. Elevated temperatures due to

the climate change and/or seasonal warming can strongly increase the toxicity of
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metals such as Cd, Cu, and Pb in freshwater and marine organisms [106, 108,
113-115]. However, only a few studies have been done so far on the temperature-
dependent biological responses to nanoparticles in freshwater and marine
species [44, 50, 116]. Thus, toxic effects of nZnO increased in warming-exposed
marine copepods Tigriopus japonicus (15->35°C) [116] and diatoms
Thalassiosira pseudonana (10->30 °C) [44]. However, the effects of nZnO
decreased during milder warming in marine diatoms T. pseudonana (10> 25 °C)
[44] and in freshwater mussels Unio tumidus (18>25 °C) [50]. Therefore, for
evaluating the ecotoxicological effect of nanomaterials in organisms, it is of great
importance to assess the potential impact of warming on the toxicity of
nanoparticles in the context of the environmentally relevant thermal variability
[62]. This is particularly important because both the organism’s physiology and
the physio-chemical properties of nanoparticles can be influenced by
temperature [26, 44, 47, 93]. To close this important gap in our knowledge, we
investigated the potential interactive effects of experimental temperature rise
and seasonal warming and nZnO on key physiological responses of the blue
mussels Mytilus edulis including immunity, bioenergetics and molecular and
cellular stress response. The mussels were acclimated to different concentrations
of nZnO under four temperature scenarios (see Chapter 1.2 for details of
experimental design) that reflect the seasonal temperature change (10 °C in
winter and 15 °C in summer) or mimic warming (+5 °C) such as occurs during
heat waves and is similar to the warming predicted by the pessimistic end-of-
century scenarios for the Baltic Sea (+5-8 °C) [13, 94]. To the best of our
knowledge, this is the first study to investigate season- and warming-dependent
effects on the key putative mechanisms of nZnO toxicity that play a central role in
adverse health outcomes of nanoparticle exposures in the sentinel marine

organisms, the blue mussel M. edulis.
1.1.5. The interactive effects of nZnO and salinity on marine organisms

Ambient salinity is a key environmental factor in shallow coastal areas, semi-
9



enclosed and closed basins and estuaries where salinity fluctuates due to
evaporation, freshwater runoff, saltwater influx and precipitation [117, 118]. The
seawater salinity in Baltic Sea varies spatially from 1 to 20 (practical salinity
units) from southwest to northeast and fluctuates over time. The normal
seawater salinity was 12-15 from the habitat salinity of the studied population M.
edulis. Thus, the osmotic stress was low salinity 5 and fluctuating salinity 5-15 in
the present study. Salinity variation is an important environmental stressors for
coastal and marine organisms [7] and can strongly affect metabolism,
biosynthetic activity, and osmoregulation of marine organisms including bivalves
[119-122]. Furthermore, osmotic stress can modulate the immune functions,
oxidative stress response, apoptosis and host-pathogen interactions of marine
bivalves [121, 123-126]. This provides a physiological basis for potential
interactive effects of nZnO toxicity and salinity on the bioenergetics, cellular
stress response and immunity of marine bivalves in the coastal environments

with variable salinity.

Earlier studies reported the interactions of salinity on the toxicity and
bioavailability of nanoparticles in aquatic organisms including fish Oryzias
melastigma and Fundulus heteroclitus [66, 127] , diatom Thalassiosira
pseudonana [64] and copepod Tigriopus japonicas [128]. Furthermore, ambient
salinity can directly affect nanoparticles’ physicochemical properties (such as
stability, aggregation, sedimentation and solubility) [44, 128] and thus
potentially modulate the toxic effect of nZnO on organisms. However, potential
mechanisms and interactive effects of salinity and nanopollutants on the health
and performance of marine organisms including the mussels are not yet well
understood and require further investigation. Therefore, in the second
experimental series, we focused on the potential interactive effects of salinity
stress and nZnO toxicity on marine mussels. We exposed the mussels to
environmentally relevant nZnO during long-term acclimation to different salinity

regimes (normal salinity 15, low salinity 5, or fluctuating salinity with the daily
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change between salinity 15 and 5) (see Chapter 1.2 for details of the
experimental design), and investigated the impact of these combined stressors

on immunity and bioenergetics of the mussels.
1.2. Objectives and experimental design of the present study

The overarching objective of the present study was to improve our
understanding of the combined effects of nZnO pollution and common abiotic
stressors including elevated temperature (such as expected during seasonal
warming or caused by climate change) and salinity variations on performance
and health of keystone marine bivalves, the blue mussel M. edulis from the Baltic
Sea. To achieve this objective, we focused on key fitness-related traits including
cellular stress responses, bioenergetics and immune defense in the following

specific aims:

® To investigate the potential temperature- and salinity-dependent

immunotoxicity of nZnO for the immune cells (hemocytes) of the blue mussel

M. edulis (Publications 1 and 2).

® To determine the interactive effects of nZnO, temperature and salinity

variation on metabolism and energy homeostasis of the blue mussel M. edulis

(Publications 3 and 4).

® To assess the combined effects of nZnO and elevated temperatures on the

cellular stress responses related to the oxidative stress, apoptosis and

inflammation pathways of the blue mussel M. edulis (Publication 5).
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Toxicological effects of nZnO on M. edulis under different environmental temperature and salinity

! !

nZn0/ Zn%* XTemperature nZn0/ Zn%* XSalinity
Hemocytes Whole soft body Gill Digestive gland
Functional traits Protein Oxidative stress
: Lipids i :
Immune-related genes Gl};:;sgen Inflammation
......................................... E ¢ E ; ApoptOSiS

Total energy reserve

el

Immune Bioenergetics Cellular stress
response response
The combined effects of nZnO and temperature The combined effects of nZnO and salinity
stress on the mussels stress on the mussels

Figure 1. Concept of the experimental design for testing the toxicological effects
of nZnO on M. edulis under different temperature and salinity regimes. ETS -
mitochondrial electron transport system. The levels of the studied factors

(temperature, salinity and Zn concentrations) are given in Figs. 2 and 3.

To address these research aims, two experimental series were carried out
(Figure 1). In the first experimental series, we determined the combined effects
of warming (+5 °C above the season-specific ambient temperature), seasonality
(winter and summer) and exposure to different concentrations of nZnO or
dissolved Zn on the immune response, bioenergetics and cellular stress response
of M. edulis. A fully crossed experimental design was implemented using two
seasons (winter and summer), two temperatures (ambient and elevated) and five
Zn treatments: no Zn addition as a control, nZnO or Zn2* at 10 pg 1-1 Zn and 100
pg 1-1 Zn (the low and high Zn levels, respectively) (Figure 2). Exposure to Zn2*
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(added as ZnS04) was used to test whether the toxicity of nZnO can be attributed
to the potential release of Zn2* from nZnO (Figure 2). In winter, 10°C (ambient)
and 15 °C (elevated) exposure temperature were used. In summer, the exposure
temperatures were 15°C (ambient) and 20°C (elevated). All exposures were
carried out for 21 days to allow acclimation and achieve a new physiological

steady-state after an environmental shift in marine mussels [129, 130].

Experiment 1. The mussels under multi-stressors (nZn0/ Zn?* x Temperature)

—_—

Control x 10 °C Control x 15 °C
. nZnO 10 pgl* x 10 °C nZnO 10 pgl! x 15 °C
—
g g — nZnO 100 pg I x 10 °C nZn0 100 pg I x 15 °C
= =
g Zn2* 10 pg 1 x 10 °C ZnZ* 10 pg I x 15 °C
=¥
£ Zn2+ 100 pg 11 x 10 °C Zn2* 100 pg 11 x 15 °C
e _
X
+
N= _
N Control x 15 °C Control x 20 °C
~
=}
ﬁ g nZnO 10 pglt x 15 °C nZnO 10 pgl* x 20 °C
= Q
g — nZnO0 100 pgl?! x 15 °C nZnO 100 pg 11 x 20 °C
~a Zn?* 10 ugl! x 15 °C Zn?* 10 ugll x 20 °C
Zn2* 100 pg I x 15 °C Zn2* 100 pg I x 20 °C

Figure 2. Levels of experimental factors used in the experimental design to test
the combined effects of nZnO and temperature on the mussels. The mussels were
exposed to two temperatures levels (10 and 15 °C as normal temperature for
winter and summer, respectively; and 15 and 20 °C as elevated temperature for
winter and summer, respectively) and five Zn treatments: no Zn addition as a
control, nZnO or dissolved Zn at 10 pg 1-1 Zn and 100 pg 1- Zn (the low and high

Zn levels, respectively).

In the second experimental series we focused on the combined effects of nZnO
and salinity variations on immunity and bioenergetics. The mussels M. edulis

were exposed for 21 days to nine treatments in a fully crossed experimental
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design using three salinity regimes (normal salinity 15, fluctuating salinity 5-15,
or low salinity 5) and three Zn treatments (no Zn addition as a control, nZnO or

Zn2* at 100 pg1-1 Zn) (Figure 3).

Experiment 2. The mussels under multi-stressors (nZn0/ Zn?* x Salinity)

—

Control x 15 psu
nZnO 100 pgl?! x 15 psu

Zn?* 100 pgl! x 15 psu

>

=

i

= Control x 5-15 psu

w

5 — nZnO 100 pgl! x 5-15 psu
=

N 5 !

g Zn%* 100 pg 1! x 5-15 psu
=}

=

N

=

Control x 5 psu
nZnO 100 pgl! x 5 psu

Zn?+* 100 pgl1 x 5 psu

Figure 3. Levels of experimental factors used in the experimental design to test
the combined effects of nZnO and salinity on the mussels. The mussels were
acclimated to three salinity regimes (normal salinity 15, fluctuating salinity 5-15,
or low salinity 5) and three levels of Zn exposure (no Zn addition as a control,

nZnO or Zn?* at the nominal concentrations of 100 pg1-1 Zn).
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2. Immune responses of M. edulis to combined nZnO, temperature

and salinity stress

2.1. Innate immune defense system of the bivalves

Marine bivalves including mussels are routinely exposed to high levels of viruses,
bacteria and protozoans in their environments [131]. Lacking an adaptive
immunity, the marine mussels rely on the efficiency of the innate immune system
to defend against parasites, fungal, viral pathogens and tissue injury [132]. The
innate immune defense of bivalves is mediated by coordinated action of cellular
(hemocyte-mediated) defenses and humoral immunity involved in immune
recognition, signal transduction, and expression of immune effectors [133, 134].
The cellular immune defense mainly includes phagocytosis or encapsulation,
with subsequent elimination of the potential invasion target via enzymatic
activity such as proteolysis in lysosomes and/or the release of cytotoxic
metabolites such as ROS [133, 134]. The humoral immune response involves a
series of molecular-mediated responses such as opsoninisation of the pathogen
surface that promotes phagocytosis, cytokine production, classical complement
activation, neutralization of pathogen-produced toxins and pathogen elimination

[133, 134].

In bivalves, the innate immune defense system depends on hemocytes (the
circulating cells in the hemolymph) for immune surveillance. Hemocytes are
primarily responsible for the shell repair, tissue healing as well as the destruction
of the pathogens and foreign bodies through oxidative burst, phagocytosis, and
apoptosis and through production of the antimicrobial peptides and opsonizing
molecules [135-138]. The common immune defense mechanisms in bivalves
include production of oxygen and nitrogen radicals (ROS and NO), synthesis of
cytokine-like proteins (e.g. TGF-3) and antimicrobial effectors (e.g. lectins and
antimicrobial peptides including myticin, mytilin and defensin), activation of

enzymatic cascades (e.g. lysosomal enzymatic reaction), encapsulation as well as
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phagocytosis [133, 134]. Phagocytosis is a process of hemocytes to engulf cell
debris and various non-self-particles (e.g. bacteria, zymosan, algae, and
nanoparticles) to eliminate the potentially dangerous foreign materials and
prevent their interactions with other tissues [139, 140]. Phagocytosis includes
the adhesion of phagocytes to target particles, modification of the cytoskeleton,
internalization, and destruction of the target particles within phagosomes by
lysosomes [139, 141], oxidative burst releasing free radicals to kill the pathogen
[141, 142] and production of antimicrobial factors [139, 143]. Encapsulation is a
cellular immune response to non-self particles that are too big to be
phagocytosed (e.g. multicellular parasites) [133, 134]. Encapsulation includes
enclosing of the target particles by hemocytes, followed by the release of free
radicals and other cytotoxic products by hemocytes for the elimination of the
target [133, 144]. The cellular and humoral immune responses are generally
carried out and coordinated by hemocytes that serve as a hub of innate immune

response of bivalves.
2.1.1. Molecular mechanisms of immune recognition and signaling

Immune recognition is the initial step of the cellular immune response that
involves recognizing non-self substances and altered-self particles such as
injured host cells, and then initiating and activating the hemocytes-mediated
immune response [133, 134]. Immune recognition is the process by which
Pattern Recognition Receptors (PRRs), the molecules existing in hemolymph and
hemocytes membranes, recognize and bind to pathogen-associated molecular
patterns (PAMPs) [133, 134, 145, 146]. In bivalves, seven groups of the PRRs
have been identified, including Toll-like receptors (TLRs), Gram-negative binding
proteins (GNBPs), thioester-containing proteins (TEPs), scavenger receptors
(SRs), C-type lectins, galectins family and peptidoglycan recognition proteins

(PGRPs) [133].

Among PRRs, the TLRs that detect the PAMPs and then initiate immune response
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play an important role in immune recognition of invertebrates including bivalves
[147, 148]. This response was also found to be involved in the recognition of
metal-containing nanoparticles in organisms including marine bivalves [149-
151]. In addition, complement components including C3q proteins, which
belongs to TEPs protein family, were also found to be involved in the regulate the
immune recognition cascade to sense and opsonize nonself particles and injured
host cells in invertebrates including bivalves [152-155]. Studies in marine
bivalves have shown that the complement components including C1 and C3q are
upregulated by toxic factors such as nanoparticles or by bacterial pathogens

[156-160].

In bivalves, the innate immune system is highly regulated by different signaling
pathways activated by PRRs in response to pathogen invasions, injury or
environmental stress [133, 161]. Several conserved signaling pathways
controlled by PPRs such as TLRs [162] or the complement system [133], have
been identified in bivalves including MAPK pathway [163], JAK-STAT pathway
[164], and the NF-kB signaling pathways [165]. These pathways regulate
production of various immune effectors that act as main executors for
elimination of damaged host cells, pathogens and parasites. These pathways are
also sensitive to the environmental stimuli such as salinity variations [166-168],
temperature stress [169, 170], metal-containing nanoparticles [42, 151, 171-
173] and dissolved metal stress [42, 156, 174]. Several groups of immune
effectors has been identified and underlined in bivalves’ immune response,
including antimicrobial peptides (AMPs) such as myticin, mytilin and defensin,
cytokines (e.g. TNF and TGF-3), complement components (e.g. C1 and C3q),
lysozymes, lectins, free radicals (e.g. ROS and NO), antioxidant enzymes (e.g.
catalase and superoxide dismutase), and acute phase protective proteins (e.g.
metallothioneins (MTs) and heat shock proteins (HSPs). The coordinated up- and
downregulation of these factors plays a key role in fine-tuning the immune

response to ensure adequate protection from a variety of immune challenges
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such as pathogens, non-self materials or modified or injured host cells, and
dysregulation of this coordinated multifaceted response by toxicants (such as
nZnO) or abiotic stressors might negatively affect the organism’s health and

disease resistance.
2.2. Bivalves immunity as a target for environmental nanoparticles

Hemocytes of bivalves are among the earliest responders to environmental
stressors including metal pollutants and abiotic stressors [89-92]. This makes
the immune system sensitive to environmental stressors and a main target for
metal-containing nanoparticles including nZnO. Investigation of the functional
and molecular traits directly related to the immune function and regulation of
the signaling and effector immune pathways is essential to for understanding the
mechanisms and implications of potential immunotoxicity of nanoparticles in
marine organisms and its modulation by the abiotic environmental factors such
as temperature and salinity. In this study we investigated the immune-related
functional traits including hemocyte count (THC), hemocyte mortality (HM),
adhesion capacity (AD), phagocytosis (Pha) and neutral red uptake (NRU) and
determined the transcriptional response of genes related to immune recognition
(Toll-like receptors including TLRb and TLRc, and complement components C1
and C3q) and immune effectors (antimicrobial peptides myticin, mytilin and
defensin, cytokines TNF and TGF-f3, and innate immune signal transduction
adaptors MyD88a and MyD88c) under combined exposures to nanopollutants

(nZnO0) and abiotic (temperature or salinity) stress in the mussels M. edulis.

Studies in bivalves including marine mussels found negative impacts of high
concentrations (generally in mg I'1 range) of nanoparticles including nZnO on
hemocytes viability, abundance [45, 48, 54, 175, 176], phagocytosis and ROS
production [54, 175-177]. For instance, increases in the hemocyte mortality and
decreases in the hemocytes abundance were found in the marine mussels M.

edulis, M. coruscus and Perna viridis exposed to 2.5-10 mg I'1 of nZnO [48, 54] and
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2.5-10 mg 11 of nTiO2 [175, 176]. Suppression of phagocytosis in the mussels’
hemocytes was observed under exposures to high concentrations of
nanoparticles, such as 5-50 mg 11 polystyrene nanoparticles or 2.5-10 mg 11
nTiO2 and nZnO [54, 175-177]. Other studies in aquatic invertebrates including
bivalves showed induction of the TLRs involved in the immune recognition by
NPs [149-151] including nZnO [171, 178]. These findings indicate that
depending on the species and exposure scenario, nZnO can have
immunosuppressive and immunostimulatory effects in the mussels, and the
reasons for these variable responses to nZnO are not well understood.
Furthermore, the potential immunotoxic effects of the low, environmentally
relevant concentrations of nanopollutants including nZnO have not been
extensively studied in marine organisms. Recent studies using low concentration
(in ug I'1 range) of nanoparticles showed an increase of hemocytes mortality as
well as the increase of phagocytosis and lysosomal abundance in mussels M.
edulis exposed to 100 ug 11 nZnO [48], induction of hemocyte proliferation in
clams Ruditapes philippinarum exposed to 10 ug I'1 nZnO [53] and upregulation
of transcriptional immune responses in multiple immune-related genes in
hemocytes including mytilin and defensin in the mussels M. galloprovincialis
exposed to 10-100 pg 11 nTiOz [179], defensin in mussels M. edulis exposed to
100 ug I'1 nZnO [48] and C3q in the mussels M. galloprovincialis exposed to 100
pg 11 nCeOz [171]. Impaired immune defense caused by NPs and other stressors
including warming and salinity stress may have broad ecological and biological
consequences affecting the morbidity and mortality of the mussels due to the
injuries, parasites and pathogens [180]. Therefore, understanding of the
potential interactive immune effect of nanomaterials exposures (such as nZnO at
low environmentally relevant concentrations) and elevated temperatures and
salinity variations are of great significance for evaluating the ecological risks of
nanomaterials under environmentally realistic scenarios found in polluted

coastal environments [62, 181].
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2.3. Hypotheses and approach to the study of nZnO immunotoxicity

We aimed to investigate the combined effects of environmnetall relevant
concentrations of nZnO and elevated temperatures or salinity variations on the
immune responses in the hemocytes of the blue mussels M. edulis from the Baltic

Sea.

We tested the following hypotheses:

Exposure to nZnO will negatively affect the expression of immune-related

genes and the immune-related functions of mussels’ hemocytes.

e Warming or low salinity stress will negatively affect the hemocytes immune

responses of M. edulis.

® The immunotoxic effects of nZnO might be modified by the elevated

temperatures or salinity variations.

® The negative effect of warming on immune responses would be exacerbated

by summer due to high temperature.

To test these hypotheses, we conducted two experimental series using the
experimental design described in section 1.2. Hemocytes were collected from
mussels exposed for 21 days to different experimental treatments (Figures 2 and
3) for determination of functional traits (THC, HM, AD, Pha and NRU) and
immune-related genes expression including myticin, mytilin, defensin, C1, C3q,
TNE, TGF-3, TLRb, TLRc, MyD88a and MyD88c (Table 1). The details of the
results and discussion of this study is provided in the chapters 7.1 and 7.2

describing two publications that resulted from this work [48, 182].
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Table 1. A summary of the immune-related parameters used in the present

study.

Biomarkers Description Functions

The percentage of dead
HM An index of the hemocytes vitality and health
circulating hemocytes

The total number of
THC An index of hemocytes abundance and the immune system health
circulating hemocytes

The ability of
An important index of hemocytes protective function such as ability to
AD hemocytes to adhere to
encapsulate foreign materials
surface

An defense function internalizing pathogens and foreign materials and
Pha A type of endocytosis
targeting them for destruction in the lysosomes

Uptake of the neutral
NRR A marker for the total lysosomal volume of the cell
red by the hemocytes

Myticin

Act as broad-spectrum antibiotics against eukaryotic, bacterial and
Mytilin  Cysteine-rich peptides
viral pathogens

defensin
TLRb
Key immune Sense the pathogen-related molecular patterns; involved in the
recognition factors recognition of nanoparticles
TLRc
C1 Regulate the immune recognition cascade; enhance the ability of
A part of the immune
antibodies and phagocytic cells; promote inflammation, and attack the
complement cascade
C3q pathogen's cell membrane
MyD88a
Innate immune signal ~ Link the Toll-like receptors signaling, inflammatory cytokines and
transduction adaptor immune effectors
MyD88c
TGF-B

Regulate the inflammatory response; regulate the host defense against
Inflammatory cytokines

TNF pathogens mediating the innate immune response
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3. Combined effects of nZnO, temperature and salinity on bioenergetics

of the blue mussel M. edulis

3.1. Bioenergetics of the bivalves
3.1.1. Stress-induced disturbances of energy homeostasis

Bioenergetics is a series of processes involving energy fluxes in living organisms that
include energy transformation and utilization [183, 184]. Energy homeostasis, which is a
state of energy balance between energy acquisition and energy expenditure in living
organisms, is susceptible to abiotic stress factors (including warming, salinity and
pollutants) in marine ectotherms such as bivalves [183, 185, 186]. Exposure to abiotic
stress factors may have a negative impact on bioenergetics of organisms by raising the
energy requirements for basic maintenance functions (such as damage repair,
detoxification and stress protection), and/or by decreasing the energy supply by
negatively affecting food intake and metabolic conversion of food energy into ATP [186,
187]. The ability to maintain energy homeostasis is considered a major factor
determining the marine ectotherms’ tolerance to stressors and the sustainability of their

populations under multiple stressor scenarios [183, 185, 187].

The energy dependence of all vital processed and the limitation of energy acquisition in
the environment lead to trade-offs in energy allocation to different energy demanding
activities in an organism. In the dynamic energy budget model [183, 185, 188], the
energy acquired through food ingestion is integrated in a pool from which it is used for
various energy-demanding activities including basal maintenance costs, activity, growth,
reproduction/development and storage (Figure 4). Among these activities, basal
maintenance has a top priority in energy allocation [183]. The basal maintenance cost
includes the energy consumption to maintain cellular homeostasis and basic systemic
activities (such as excretion, ventilation or circulation) essential for survival. Therefore,
if the energy supply drops or is only sufficient to maintain the basal maintenance cost,
other energy demanding activities including growth, reproduction/development and
storage will be delayed or stopped [183, 185, 188, 189]. Upon exposure to stress the
basal maintenance costs of the organism increase and the energy homeostasis between
the energy acquisition and energy expenditure as well as the energy allocation to
different activities of the organism are affected, thereby directly affecting the

performance of organisms [74, 119, 183, 185]. Thus, the study of the bioenergetics
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under stress exposures provides a good tool to link the molecular and cellular stress
mechanisms with fitness-related performance of organisms, and thus to the population
level consequences of multiple stress factors including elevated temperature, salinity

variations and nanopollutants.
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Figure 4. Conceptual diagram of energy limited stress tolerance. The X axis is the level of
environmental stress and the Y axis is the aerobic scope for energy demand (left
columns of each stress level) and energy supply (right columns of each stress level)
(modified after Sokolova, 2013).

3.1.2. The role of energy fluxes in stress tolerance and cellular energy allocation as

an index of energy status

According to previous studies on energy-based stress classification [183, 185], the
overall breadth of environmental conditions experienced by the organisms can be
divided into four ranges of environmental factors corresponding to unstressed
conditions, moderate stress, extreme sublethal stress and lethal stress (Figure 4 and 5).
Under the unstressed (normal) conditions, the energy balance is positive and ATP supply
via aerobic metabolism is sufficiently high to cover the costs of all energy demanding
activities of the organism including basal maintenance, mechanical work (such as
locomotion or burrowing), growth, reproduction as well as deposit an excess amount of
energy in storage [185]. Under these conditions, the basal metabolic costs are minimal,
and the amount of energy available for other fitness function is maximal for the given life
stage (Figure 4 and 5). Under the moderate stress conditions, the energy allocation to

the basal maintenance costs increases to meet energy requirements for damage repair
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and anti-stress responses. Sometimes aerobic metabolism is also impaired by the
stressor, which together with the higher energy demand for basal maintenance leads to
trade-offs with other essential energy demanding activities and a decrease of energy
reserves (Figure 4 and 5). Under extreme sublethal stress conditions, available energy is
fully invested in basal maintenance costs to allow short-term survival of organisms. The
energy allocation to other energy demanding activities (such as growth and
reproduction) disappears except for a low level of basic activities (such as foraging) that
must be maintained to ensure survival. Under these conditions, anaerobic metabolism
might be engaged to compensate for insufficient aerobic ATP supply. Thus, survival of the
organism under extreme stress conditions is time-limited and the long-term sustainable
survival of the population is impossible due to the lack of energy for growth and
reproduction. As the stress intensifies situation (owing to increased deviation of the
abiotic factor from the optimum and/or prolonged stress exposure), the energy balance
of the organism is disrupted, which eventually leads to death (lethal stress level). The
transition from moderate to extreme stress conditions can be marked by the onset of
anaerobic metabolism participating in the ATP provision to compensate for the
insufficient energy supply of aerobic metabolism [190, 191]. This energy-based stress
classification allows comparing the effects of various stress factors on the organisms,
focuses on the physiological effects related to fitness and survival, and thus can directly
indicate the implications of multiple stress exposures for the survival and reproduction

of the population.

Unstressed

Moderate stress

Basal maintenance costs

Extreme and lethal stress

N
L

Environmental stress range

Figure 5. Conceptual diagram of the relationship between the level of environmental

stress and the basal maintenance costs of the organism (modified after Sokolova, 2021).
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Multiple approaches including production models (such as scope for growth or dynamic
energy budget models) and biochemically-based indices (such as the cellular energy
allocation) have been used to assess the stress-induced shifts in energy homeostasis
[183, 185, 192, 193]. Cellular energy allocation (CEA) is an index of the net energy
budget, which can provide quantitative data on the energetic response of organisms to
stress [192]. It determines changes in the available total energy reserves (Ea) and
potential energy expenditure (Ec) [194]. Ea is calculated by quantifying the total protein,
carbohydrate and lipid content. Ec is determined by converting the activity of the
mitochondrial electron transport system (ETS) as an index of cellular energy demand for
basal maintenance into energy equivalents using oxyenthalpic equivalents for
combustion of an average protein, carbohydrate and lipid mixture (484 ] mmol! 02)

[195, 196].

It is worth noting that excess energy that remains after satisfying the energy demanding
activities is stored in tissues as energy reserves in the forms of energy storage molecules
including proteins, carbohydrates and lipids [185]. These energy-rich compounds play
an important role in buffering energy homeostasis in vivo, and can be used as energy
supply during periods of decreased food availability or increased energy demands, for
example during reproduction [197-199]. Furthermore, total energy reserves also play a
crucial role in supplying for the increased energy demand caused by environmental
stress exposure. Abiotic stress often results in increased energy costs for damage repair
and stress protection [185, 187, 200], and thus can lead to depletion of tissue energy
reserves in aquatic organisms. The depletion of the total energy storage is an early sign
that the organism is in a state of stress (caused by toxicity) before other basic energy
demanding activities (such as immunity, respiration or growth) are impaired [201]. The
continuing depletion of the energy reserves indicates that the organism transits into the

extreme stress range, leading to the decline of performance, fitness and eventually death.
3.2. Effect of nanoparticles on bioenergetics of the bivalves

Bioenergetics of marine bivalves can be negatively affected by environmental pollutants
including metals or metal-containing nanoparticles [185]. Exposure to pollutants usually
results in elevated energy costs for protein synthesis required for damage repair, anti-
stress responses as well as detoxification [185, 187]. In addition, immune stress,
oxidative damage, apoptosis and inflammatory reactions caused by nanoparticles [48,

202, 203] can lead to higher energy costs for basal maintenance [204]. The increased
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energy demand of marine bivalves exposed to nanoparticle pollutants may exceed the
organism's ability to absorb and transform energy affecting their health and survival.
Elevated energy demand caused by nanoparticle exposures might exhaust the energy
storages of the organisms especially when the feeding activities are weakened [205-
209]. As a result, exposure to nanoparticles can negatively affect the energy homeostasis
of aquatic bivalves. Earlier studies on Ag and TiO2 nanoparticles lend support to this
notion showing inhibited feeding activities, reduced food absorption efficiency,
suppressed digestive functions and narrowed the aerobic range for growth in

nanoparticle-exposed aquatic bivalves (such as mussels and clams) [205-209].

Environmental temperature and salinity are important factors affecting energy
homeostasis of marine ectotherms [186, 187]. In bivalves, energy metabolism and the
availability of energy storage (particularly lipids and carbohydrates) can be affected by
environmental temperature [50, 210-212] and salinity [85, 122, 213, 214] due to the
impaired cellular metabolism, inhibition of food intake and the increased costs of
intracellular osmotic adjustment caused by salinity variations. Thus, a decrease of lipids
or carbohydrates was observed in the marine bivalves M. edulis [212] and freshwater
bivalves U. tumidus [50] exposed to warming conditions. A depletion of lipids and
carbohydrates was also found in the oysters Crassostrea virginica exposed to salinity
stress [214]. Furthermore, studies in freshwater bivalves U. tumidus found that the
bioenergetics status of this species was negatively affected by nZnO exposures (as
indicated by the reduction of energy storage in soft tissues) and that the nZnO-induced
disturbance of energy metabolism was modulated by environmental temperature [50].
However, to the best of our knowledge, there are no studies on the bioenergetics results

of salinity-nZnO interactions or temperature-nZnO interactions in marine bivalves.

3.3. Hypotheses and approaches to study the combined effects of

nanopollutants and abiotic stressors on bioenergetics

The aim of this part of my research project was to assess the bioenergetics responses to
nZnO pollution under different temperature and salinity regimes in the blue mussels M.

edulis.

We tested the following hypotheses:

® nZnO exposures will lead to disturbance of energy homeostasis of the mussels
reflected in a decrease of energy reserves and/or suppressed ETS activity.
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® The bioenergetics stress of nZnO might be aggravated by elevated temperature or

salinity stress.

® The negative effect of warming on bioenergetics in summer would be more serious

than the warming effect in winter.

® The negative effect of nZnO on bioenergetics might be stronger than the effect to

dissolved Zn.

Table 2. A summary of the parameters and their functions related to bioenergetics

responses and bioaccumulation of nZnO in the present study:.

Biomarkers Description Functions

Zn content Zn accumulation An index of acclimated Zn concentration in the soft body of mussels

markers for
Play an important role in the binding of free intracellular metals including Zn2+
MTs intracellular Zn in
and in protection against oxidative stress as ROS scavengers
the mussels

Major contributors to the energy storage in bivalves and used as a last-resort fuel
Proteins Proteins content
during extreme energy demand

Carbohydrates  Mostly represents glycogen, the major rapidly mobilized energy buffer in marine

Carbohydrates
content mollusks
Major contributors to the energy storage in marine mollusks
Lipids Lipids content
The energy
Reflects the amount and functional activity of the mitochondria and can serve as
ETS consumption ata

an index of both the tissue energy demand and ATP synthesis capacity
mitochondrial level

Energy reserves provide better insight into the adaptability of organisms towards
The total amount of
Ea toxic substances before these substances start to hamper other biological
available energy
activities such as growth, respiration, and reproduction

CEA An integrative index  An integrated index reflecting balance between cellular energy demand and
E
of the energy status supply that can be used to quantify an organism’s energetic response to stress
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To test these hypotheses, we used the same experimental design as for the study of
immunotoxicity (see section 1.2). Mussels were exposed for 21 days to different
combinations of nZnO (or dissolved Zn), temperature and salinity conditions (Figures 2
and 3). The tissue levels of proteins, lipids and carbohydrates, total energy reserves (Ea),
electron transport system (ETS) activity, and cellular energy allocation (CEA) were
determined in the whole soft tissue of the mussels M. edulis (Table 2). Zn accumulation
and tissue levels of metallothioneins (MTs) (Table 2) were measured to assess the
bioavailability and accumulation of Zn in different exposures. The details of the results of

these studies are provided in the chapters 7.3 [181] and 7.4 [215] of this dissertation.

. Interactive effects of nZnO and temperature on cellular stress

responses of the mussels M. edulis

4.1. Molecular and cellular stress responses of the bivalves

The cellular stress response encompasses molecular changes that occur in the cells
responding to an adverse physiological or environmental stimulus, such as warming, low
pH, low oxygen level, exposure to toxins, mechanical damage or viral infections [216,
217]. Upon exposure to stress, the physiological homeostasis of tissue is in danger and
the cellular stress responses are activated to ensure protection and mitigate damage
[216]. The processes involved in the cellular stress response range from activating
pathways that promote survival to the pathways triggering programmed cell death that
eliminate damaged cells [216-218]. The initial cellular response to environmental or
intracellular stress stimulus evolved to help cells resist stressors and recover from
damage by activating a certain protective cellular mechanism such as antioxidant
defense or molecular chaperones. If the stressful stimulus is too strong to maintain the
protective response, the death signaling pathways are activated to ensure removal of the
irreparably damaged cells and prevent uncontrolled spilling of cellular content that can

otherwise lead to inflammation and damage surrounding cells [216, 217].

To better understand the toxic mechanisms of nanoparticles under the conditions of
natural environmental variability, it is especially important to investigate the potential
hazards of nanoparticles based on the cellular stress response pathways. These
pathways can be tested more reliably, easily and often in a non-invasive manner

compared with the traditional toxicological approaches [219, 220]. Studies on the toxic
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mechanisms of nanoparticles in mammals and various aquatic organisms have found
that the key cellular stress responses to nanoparticles toxicity involve stimulation of
oxidative stress, activation of apoptosis pathways, and promotion of inflammatory
responses that might cause the injury of target tissues and culminate in disease,
morbidity or mortality [48, 53, 74, 219-223]. Therefore, we focused on the cellular stress
responses involved in oxidative stress, inflammation and apoptosis to assess the

environmentally-dependent mechanisms of nZnO cytotoxicity in the mussels M. edulis.
4.2. The oxidative stress response

Oxidative stress is an imbalance between antioxidants and ROS in the cells. Cells produce
ROS (such as superoxide, hydrogen peroxide or singlet oxygen) during normal
intracellular metabolic processes by mitochondria and glycolysis [224, 225]. The ROS
play important signaling role in the cell but in excess can be damaging to the proteins,
lipids and DNA and are thus tightly controlled by the cellular antioxidant system
including non-enzymatic antioxidants (vitamin C or (-carotene) and enzymes such as
catalase and superoxide dismutases (SODs) that neutralize ROS [216]. Normally, cells are
able to maintain a balance of pro-oxidant free radicals and antioxidants. There are
several factors that can trigger oxidative stress, among them toxins including metals,
nanomaterials, environmental stressors, as well as pathological conditions and
metabolic misbalance [216, 226]. When the natural antioxidant defense capacity of the
cells is overwhelmed, sustained oxidative stress may lead to DNA, protein and lipid

damage, and in extreme cases can induce cell death [226-228].

Oxidative stress is considered the main toxicity mechanism of nZnO and a key hallmark
of nZn0O-induced damage [39, 229, 230]. The contents of protein carbonyl (PC) and lipid
peroxides (LPO) are reliable indicators of the protein and lipid oxidation induced by ROS
[231, 232] and can provide evidence for the potential extent of oxidative damage caused
by nZnO [53]. The increased LPO and PC content was observed in various aquatic
organisms including mussels exposed to nZnO [59, 233-236], indicating that the LPO and
PC content are sensitive indicators of oxidative stress induced by nanoparticles.
Therefore, the oxidative stress response to nZnO in the present study was determined by

measuring the PC and LPO content in the blue mussels.
4.3. Apoptosis regulation

Apoptosis, a form of programmed cell death [237], is a highly controlled and regulated
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biological process activated by intrinsic (e.g. oxidative stress) or extrinsic (e.g. death
receptor) pathways in bivalves [137]. Unlike necrosis, which is a form of pathological cell
death that induces inflammation [238, 239], apoptosis permits degradation of the
damaged or superfluous cells without impairing neighboring tissues since apoptotic
bodies can be phagocytized without eliciting an inflammatory response [240, 241].
Among all forms of cell death (apoptosis, autophagy, necrosis and other forms),
apoptosis exhibits the most obviously distinguishing morphological characteristics and
molecular pathways evolutionarily conserved among distantly related organisms [242,
243], and plays an indispensable role in development, senescence, and disease [242].
However, defective apoptosis, including apoptosis inhibition and hyperactive apoptosis,
can lead to inflammatory and immune response, cause tissue damage, and contribute to

diseases such as cancer [244].

Apoptotic signal can be triggered by numerous cellular stress stimuli through intrinsic
apoptotic pathways, including oxidative stress and immune response, as well as abiotic
external stressors such as warming, hypoxia, and exposure to metal-containing
pollutants [137, 245, 246]. Earlier research on different organisms including bivalves
have shown pro-apoptotic effects of nanoparticles including nZnO as indicated by
upregulated the expression of apoptosis-related genes p53 and caspase 3 [42, 43, 247-
249] and decreased the expression of an anti-apoptotic gene Bcl-2 [248, 249]. Therefore,
here we focused on expression of apoptosis-related genes including caspase 3 (the main
executor caspase in the apoptotic cascade [137, 250]), the pro-apoptotic protein p53
(the Guardian-of-Genome protein that induces apoptosis if DNA damage reaches levels
beyond the capability of the cellular repair systems [251]), anti-apoptotic regulator
protein Bcl-2, and various stress-inducible molecules including MAPK-related proteins
p38 and JNK (that play a key role in transducing signals in response to environmental or
cellular stresses and/or inflammatory stimulation in animals [252-254]). Earlier studies
on various animals and our present results showed that nZnO exposure stimulated the
mRNA expression of the apoptotic proteins caspase 3 [42, 247] and the pro-apoptotic
protein p53 [43, 247], inhibit the expression of anti-apoptotic genes Bcl-2 [248, 249],
and activated JNK and p38 MAPK pathway [230, 255-257]. These results support the
notion that the induction of apoptosis might be a common response to nZnO exposures

and highlight the importance of apoptosis as a toxic mechanism of nZnO.
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4.4. Inflammatory responses

Inflammation is the immune system's response to a variety of injurious stimuli, including
damaged cells, pathogens and environmental factors such as irradiation, warming and
toxic materials [258]. Inflammation is considered a vital defense mechanism involving
inflammatory cells, molecular effectors and inflammatory signaling pathways, most
commonly MAPK, NF-xB, and JAK-STAT pathways [259, 260]. Generally, during the acute
inflammatory response induced by harmful stimuli, a series of cellular and molecular
events and their interactions can effectively reduce cell or tissue damage [261].. This
process helps restore tissue homeostasis, initiate healing and resolve acute inflammation
[260]. However, uncontrolled acute inflammation may become chronic, potentially

leading to disease or tissue damage [262].

Inflammation is a common response to nanopollutants including nZnO in animals
including mice [263], human cells [264] and bivalves [42, 264-266]. Involvement of the
inflammatory response was indicated by the upregulated transcriptional levels of
inflammatory cytokines including TGF-f3 and NF-kB in the digestive gland of the mussels
exposed to 100 pg I'1 nZnO [42]. These data indicated that inflammatory response might
be induced by nanoparticles in marine bivalves and warranted inclusion of inflammatory
markers (the transcription levels of the marker genes of inflammatory cytokine pathway
involving tumor necrosis factor (TNF-a), transforming growth factor-beta (TGF-13), the
nuclear factor kB (NF-kB) and an inflammation-regulating enzyme COX [267, 268]) for
cellular stress assessment of the mussels in our present study. Furthermore, because the
robustness and flexibility of the cellular stress response mechanisms are not well
understood under the conditions of natural environment changes [26, 47], we explored
the potential modulating effects of temperature on the oxidative stress, apoptosis and

inflammation responses to nZnO in the mussels M. edulis.
4.5. Hypotheses and approaches to study the cellular stress response

The aim of this part was to determine the involvement of cellular stress responses
related to oxidative stress, apoptosis and inflammation in nZnO toxicity under different

temperature regimes in the gill and the digestive gland of the mussels M. edulis.

We tested the following hypotheses:
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® Exposure to nZnO will lead to oxidative stress and induce apoptosis and

inflammation in the gill and digestive gland.

® The toxic effects of nZnO will be reduced by mild warming in winter but aggravated

by more extreme thermal stress in summer.

® The effect of nZnO on cellular stress responses in the mussels’ digestive gland might
be stronger than that the effects on the gill, because of the digestive glands are the

main organ for the nanoparticle accumulation in mollusks [87, 88].

Table 3. A summary of the parameters and their functions related to molecular and

cellular stress responses in the present study.

Related-cellular
Biomarkers Functions
stress response

LPO Oxidative stress Oxidative damage to lipids
PC Oxidative damage to proteins
p53 The main pro-apoptotic protein, the Guardian-of-Genome protein
Apoptosis
Caspase 3 The main executor caspase in the apoptotic cascade
Bcl-2 Anti-apoptotic regulator protein, apoptosis inhibitor
38 Stress-inducible molecule, transducing signals in response to stresses and/or
p .
Apoptosis and inflammatory stimulation
inflammation
INK Stress-inducible molecule, transducing signals in response to stresses and/or
inflammatory stimulation
TGF-$ Regulation of inflammatory processes
Inflammation
NF-«xB Regulation of inflammation processes
CoX Inflammation-regulating enzyme

To test these hypotheses, we conducted 21-day exposures to different concentrations of
nZnO and dissolved Zn under different thermal regimes (shown in Figure 2) and

collected the gill and digestive gland tissues for determination of the oxidative stress,
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apoptosis and inflammation-related traits. The oxidative stress indicators (PC and LPO)
and transcription pattern of marker genes in the pathways related to cell survival and
proliferation (caspase 3, Bcl-2, p53, p38 and JNK) and inflammation (COX, NF-xB, and
TGF-B) were determined (Table 3). The details of the results of these experiments are

provided in the Chapter 7.5 [269] of this dissertation.

Summary and discussion

Overall, our study indicates that nZnO exposures strongly affect the immune response in
hemocytes, lead to disturbances in energy homeostasis in the whole soft tissue, and
induce cellular stress response including oxidative stress, apoptosis and inflammation in
the gill or digestive gland in the mussels M. edulis. These adverse outcome pathways
induced by nZnO in the mussels M. edulis are generally modulated by other abiotic
stressors including the elevated temperature, the season and salinity variations (Figure
6

Adverse Outcome Pathway Network: the mussels response to multiple stressors

Ll

Relationship

Figure 6. The combined effects of nZnO and other abiotic stressors on the marine
mussels M. edulis. The green arrows point to the environmental stressors that influence
the toxic effect of nZnO. The blue arrows point to the key events in nZnO exposures in M.
edulis. The red arrows indicate the adverse outcomes in nZnO exposures in M. edulis.
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5.1. Immunotoxic mechanisms of nZnO in the context of environmental

variability
5.1.1. Temperature-Zn interactions

Our study showed that nZnO exposures strongly affect the expression of immune-related
genes and the immune-related functions of mussels’ hemocytes, and that the
immunomodulatory effects of nZnO are modulated by the elevated temperatures and the
season. Generally, high concentration (100 pg I'1) of nZnO exposure lead to upregulation
in phagocytosis indicating that nZnO particles might be recognized as non-self by the
hemocytes of M. edulis. Furthermore, high concentration of nZnO induced inflammatory-
related transcriptomic response of the hemocytes of the winter mussels indicating a
coordinated immune and inflammatory response to nZnO. The immune responses of
hemocytes to nZnO were qualitatively similar but stronger than the responses to the
equivalent concentrations of dissolved Zn indicating that Zn?2* release from nZnO is not

likely to fully explain the immunomodulatory effects of nZnO.

Notably, +5 °C warming in summer (but not in winter) resulted in dysregulation of the
expression of multiple immune-related genes including TLRs, complement system
proteins as well as AMPs in the hemocytes of the mussels. This indicates that additional
warming in summer might increase susceptibility of mussels to sensitivity to the
pathogens (particular abundant in seawater in the summer months) and have
detrimental effects on the immunity and disease resistance of the mussels. Therefore,
our findings indicate that the combined exposures to elevated temperatures and nZnO
might have different effects on the immune responses of bivalves depending on the
seasonality and might have implication for the abilities of bivalves from nanomaterials-

polluted areas to cope with the pathogen-induced summer mortality events [182].
5.1.2. Salinity-Zn interactions

nZnO and salinity variations had strong impacts on the functional and transcriptional
immune responses of the mussels M. edulis. Similar to the findings of temperature-nZnO
interactions, our study indicates that immunotoxic effects of nZnO are considerably
stronger than those of equivalent concentrations of dissolved Zn, and are modulated by
the environmental salinity regimes. nZnO exposures stimulated phagocytosis and
lysosomal volume regardless of the exposure salinity indicating that phagocytosis might

be an important uptake mechanism and a marker for nZnO in the hemocytes of the
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mussels. Under the normal salinity (15) conditions, nZnO suppressed the expression of
the TLRs and the complement system proteins as well as decreased the hemocyte
viability and adhesion indicating that the impaired ability to recognize pathogens and
initiate immune defense cascades. Exposure to the fluctuating salinity (5-15) reversed

the transcriptomic responses of M. edulis hemocytes to nZnO [48].

Notably, low salinity (5) had strong immunosuppressive effect in M. edulis that largely
obscured the effects of nZnO. The low-salinity regime (5) chosen for this study is close to
the lower salinity tolerance limit for the blue mussels M. edulis [213, 270]. Our study
suggest that the compromised immune defenses of the mussels M. edulis may contribute
to the inability of the blue mussels populations to survive in the seawaters below the so
called horohalinicum zone (salinity 5-8) [271]. This immunocompromised status might
also facilitate contribute pathogens invasion in these areas, especially since many

pathogens thrive in the brackish waters [124, 272, 273].

5.2. Metabolic disturbance as a mechanism of nZnO toxicity in different

environmental contexts
5.2.1. Temperature-Zn interactions

Our study showed that high concentrations (100 pg 11) of nZnO have negative impacts
on bioenergetics of the marine mussels M. edulis. However, these negative impacts were
not particularly strong and the response of parameters was not uniform, depending on
season and temperature, as reflected in depletion of carbohydrates and energy reserves
in winter mussels, and decrease in lipids, energy reserves and ETS activity in summer
mussels. In winter mussels, warming (15 °C) led to an increase in protein content, lipid
content, and total energy reserves. In contrast, in summer mussels, warming (20 °C) led
to a reduction in the carbohydrates, lipids and total energy reserves as well as
suppressed ETS activity. Furthermore, our study showed that elevated temperature
combined with nZnO exposure might negatively affect the bioenergetics and energy
reserve of the mussels in summer (but not in winter) in the lab condition. Summer is a
crucial period for the Baltic Sea mussels M. edulis populations when reproduction and
larval settlement occurs [69, 85], so that disturbance of energy homeostasis caused by
warming and nZnO pollution might have implication for the population recruitment
during this sensitive period. Interestingly, experimental 5°C warming had different

effects in summer and in winter, leading to enhanced nZnO toxicity in summer and
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alleviating it in winter. Our findings demonstrate that moderate warming in winter (but
not in summer) might partially compensate for the impaired bioenergetics induced by
nZnO exposures in the mussels from temperate areas (such as the Baltic Sea). Given the
significant effects of ambient temperature and season on the toxicity of nZnO, it is
important to consider the interactive effects of multiple abiotic stress (such as pH,
temperature, and salinity) on the energetics of sentinel marine bivalve for the
assessment of the toxicity impacts of nZnO. Furthermore, it would be interesting to
determine whether the bioenergetic impairment at elevated temperatures (20 °C and
above) might contribute to setting limits of the thermal tolerance of the Baltic Sea M.

edulis populations [181].
5.2.2. Salinity-Zn interactions

In our present study, salinity variations strongly affected metabolic homeostasis of the
mussels and affected biochemical and physiological responses to nZnO and Zn?2*.
Generally, exposure to fluctuating salinity (5-15) appeared bioenergetically less stressful
than constant hypoosmotic stress (low salinity 5) in the mussels. This indicates that
even short-term (24 hours) recovery might be enough to restore the energy homeostasis
in the mussels M. edulis. Furthermore, exposure to nZnO (100 pg 1'1) generally did not
result in strong disturbances in energy homeostasis regardless of the salinity variations
in the mussels. This is similar to the findings of our present study on temperature-nZnO
interactions showing relatively mild disturbance of energy homeostasis induced by the
environmental relevant concentration of nZnO (100 pg I'1). It is worth noting that our
experiments on temperature-nZnO interactions were conducted in October at 10 °C and
in June at 15 °C for the winter and summer mussels, respectively, whereas the
experiments on salinity-nZnO interactions were conducted in February at 10 °C. Taken
together, these findings indicate that in the absence of additional temperature stress,
nZnO does not cause severe energy deficiency in the mussels regardless of the season.
Exposure to equivalent concentrations of dissolved Zn (100 pg 11) suppressed the
mitochondrial ATP synthesis capacity and coupling as well as anaerobic metabolism, and
modified the free amino acids (FAAs) profiles in M. edulis. These findings indicate that
nZnO is metabolically less damaging to the mussels M. edulis than Zn?*. Notably, the
effects of nZnO and Zn?* on metabolic responses in the mussels became increasingly
difficult to detect with increasing salinity stress. These findings suggest that
environmental salinity variations must be considered in the energy metabolism-related
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biomarker-based assessment of the effects of pollutants including nanomaterials on

coastal species such as the Baltic Sea mussels [215].

5.3. Cellular stress response in temperature-dependent nZnO toxicity

mechanisms

In our present study, nZnO exposure induced oxidative injury to proteins and lipids and
led to an increase in the transcript levels of apoptotic genes p53, caspase 3, p38 and JNK
indicating that oxidative stress and pro-apoptotic responses as a toxic mechanism of in
M. edulis. Furthermore, similar to the earlier findings in M. edulis exposed to 100 pg I'!
nZnO that showed an increase of the transcript levels of inflammatory cytokines TGF-f3
and NF-xB in the digestive gland [42] and TGF- and TNF in the hemocytes [182], our
present study found a modest (but not statistically significant) increase in TGF-$ and NF-
kB mRNA expression in the mussels exposed to 100 pg 11 nZnO. These findings show
that the inflammation can be induced by nZnO in marine bivalves M. edulis but does not
appear a key consistent response to nZnO exposures in the studied range of nZnO
concentrations (0-100 pg 1'1). Furthermore, the multi-biomarker analysis show that the
toxic effect of nZnO is stronger than the effect to dissolved Zn in the mussels indicating
differences of the toxic mechanisms of nZnO and dissolved Zn. The effects of nZnO on
cellular stress responses in the mussels’ digestive gland are stronger than that the effect
on the gill, which supports the view that digestive glands are the main organ for toxicity
of nanomaterials in mollusks [87, 88]. Therefore, digestive glands can serve as a tissue of
choice for biomarker-based monitoring of the toxic effects of nanopollutants in mussels.
Our present study shows that in the mussels M. edulis, the oxidative injury and
apoptotic- and inflammatory-related transcriptional responses to nZnO are strongly
affected by warming and the season, so that no single biomarker could be shown to
consistently respond to nZnO in all experimental treatments. These findings imply that
multiple biomarkers covering key biomarkers of the putative adverse outcome pathways
(especially oxidative stress and apoptosis) are needed to assess nanoparticles toxicity to
marine bivalves under the variable environmental conditions of coastal habitats such as

the Baltic Sea [269].

Overall, our study suggests that the biomarkers for the assessment of immunotoxicity,
bioenergetics and cellular stress response of nanoparticles including nZnO must be
calibrated in the environmentally-relevant contexts, because the biomarker baselines

may vary with salinity and temperature (our present study) and other environmental
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factors [50, 76, 78, 274, 275]. These findings have important implications for
environmental risk assessment of nanomaterials, for the establishing of the
environmental context-specific biomarker baselines for the coastal nanopollution
monitoring and for understanding of the interactive effects of multiple stressors on

keystone marine bivalves [48].
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ABSTRACT

Increased production and release of ZnO nanoparticles (nZnO) can cause toxic effects on marine ecosystems and
aquatic organisms. However, nZnO toxicity and its modulation by common environmental stressors such as tem-
perature are not yet fully understood. We examined the responses of immune cells (hemocytes) of the blue mus-
sels (Mytilus edulis) exposed to different concentrations (0, 10, 100 pg 1= ") of nZnO or dissolved zinc combined
with two temperatures (ambient (10 °C in winter and 15 °C in summer) and warming (+5 °C above ambient
temperature)) in winter and summer for 21 days. In winter mussels, exposure to nZnO induced a strong
transcriptomic response in multiple immune and inflammation-related genes, stimulated phagocytosis and
hemocyte mortality yet suppressed adhesion capacity of hemocytes. In summer mussels, the immune cell re-
sponses to nZnO were blunted. The transcriptional responses of hemocytes to dissolved Zn were qualitatively
similar but weaker than the responses to nZnO. In the absence of the toxic stress, +5 °C warming lead to dysreg-
ulation of the transcription of key immune-related genes in the summer but not the winter mussels. Seasonal
warm acclimatization and additional warming in summer suppressed the nZnO-induced transcriptional upreg-
ulation of antimicrobial peptides, Toll-like receptors and the complement system. These findings demonstrate
that nZnO act as an immunogen in M. edulis and indicate that +5 °C warming might have detrimental effect
on innate immunity of the temperate mussel populations in summer when exposure to pathogens is especially
high.
Capsule: ZnO nanoparticles act as an immunotoxicant inducing a strong immune response in the mussels which is
dysregulated by warming in summer but not in winter.
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1. Introduction

Engineered nanoparticles (with at least one dimension <100 nm)
are contaminants of emerging concern (CECs) in the coastal and marine
environments and a potential threat to humans and coastal ecosystems
(Garner and Keller, 2014; Williams et al., 2019). Zinc oxide nanoparti-
cles (nZnO) are commonly used in antifouling, antimicrobial substances
and UV screens (Read et al., 2016; Williams et al., 2019). Quantitative
assessment of nZnO in the marine environment is complicated by the
lack of the analytical approaches to measure ZnO in complex environ-
mental matrices such as the sea water or sediment, but predicted envi-
ronmental concentrations (PECs) of nZnO reach hundreds ng 1~ ! in the
European natural surface water (Coll et al., 2016; Dumont et al., 2015;
Gottschalk et al,, 2013; Hong et al., 2021) and up to 100 pg kg~ in the
sediment (Gottschalk et al., 2013; Yung et al., 2014). Recent studies
showed negative impacts of high nZnO concentrations (0.1-4 mg 1™1)
on physiological performance of benthic marine organisms including
suppression of growth (Hanna et al.,, 2013; Muller et al., 2014), repro-
duction (Fabrega et al., 2012) and immune response (Wu et al., 2020;
Wu et al., 2018), as well as disturbances in bioenergetics and redox sta-
tus (Trevisan et al.,, 2014; Wu et al,, 2021). However, immunotoxic ef-
fects of nZnO have not yet been extensively studied in marine
organisms, especially in the context of natural variability of other abiotic
stressors common in the coastal environments.

Innate immunity is the most important defense of marine bivalves
against pathogens, parasites and tissue injury (Mydlarz et al., 2006).
Blood cells (hemocytes) play a key role in the innate immune defense
of molluscs as they encapsulate or destroy pathogens and foreign bod-
ies, produce antimicrobial peptides and reactive intermediates involved
in the pathogen killing, and participate in tissue healing and shell repair
(Allam and Raftos, 2015; Hughes et al., 2010; Kwon et al., 2014;
Sokolova, 2009). Hemocytes are among the earliest responders to envi-
ronmental insults including toxins and abiotic stressors in marine bi-
valves (Jenny et al., 2002; Lacoste et al., 2002; Perez and Fontanetti,
2010; Roch, 1999). This makes the immune system of bivalves an im-
portant target for toxicity of CECs including nZnO. Studies in marine bi-
valves including mussels showed that exposures to ZnO nanoparticles
can decrease total hemocyte counts, phagocytosis capacity and oxida-
tive burst of hemocytes (Wu et al., 2018), induce DNA damage
(Katsumiti et al., 2016; Marisa et al., 2016), and suppress the expression
of the immune related genes (Wu et al., 2020).

Temperature is an important abiotic factor that influences ecto-
therms' performance through the direct effects on biological rates and
stability of macromolecules (Schiedek et al., 2007). In temperate shal-
low coasts including the Baltic Sea, temperature varies on seasonal
and diurnal basis, combined with the long-term warming trend due to
the global climate change (Mackenzie and Schiedek, 2007). In northern
and central Europe, the mean air temperature is predicted to increase by
5-8 °C by the end of this century (IPCC, 2014). Temperature could influ-
ence nanoparticles' toxicity in aquatic organisms (Falfushynska et al.,
2015; Falfushynska et al., 2019a; Yung et al., 2017) and has an important
immunomodulatory effect in marine organisms (Beaudry et al., 2016;
Malagoli et al.,, 2007; Matozzo et al., 2012; Rahman et al., 2019). The ef-
fects of the temperature on the immune parameters of bivalves vary
from stimulating to suppressing depending on the thermal tolerance
of a species and the degree of the deviation of the temperature from
the species-specific temperature optimum (Beaudry et al, 2016;
Malagoli et al., 2007; Matozzo et al., 2012; Rahman et al., 2019). In
freshwater bivalves such as the swollen river mussel, Unio tumidus,
temperature was found to modulate the immunotoxicity of nZnO
(Falfushynska et al., 2015). Furthermore, the temperature-dependent
biological responses to nanoparticles might vary seasonally as was
shown in springtails Folsomia candida (Zhang and Filser, 2020) and
the blue mussels Mytilus edulis (Wu et al., 2021). Impairment of the im-
mune functions caused by the nanoparticles and elevated temperature
can have wide-ranging ecological consequences potentially affecting
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the morbidity and mortality caused by pathogens, parasites or injury
(Renault, 2015). Therefore, understanding of the potential combined ef-
fects of nanomaterials and warming (such as occurs seasonally or due to
the climate change) is of great significance for assessing the ecological
risks of nanopollutants in marine environments (Holmstrup et al.,
2010; Wu et al,, 2021).

In this work, we determined the combined effects of seasonality
(winter and summer), warming (+5 °C above ambient temperature)
and exposure to different concentrations of nZnO (or dissolved Zn as a
positive control for the effects of Zn>* release) on innate immune re-
sponse in the hemocytes of M. edulis from the Baltic Sea. Mussels of
the genus Mytilus are important biological indicator species in temper-
ate ecosystems worldwide and, as filter-feeders, are sensitive to nano-
particle toxicity (Beyer et al., 2017). We hypothesized that nZnO will
negatively affect the innate immune response in the mussels and that
the negative effects of nZnO on immunity will be modulated by
warming and seasonality. We determined the total hemocytes count,
hemocytes mortality, adhesion capacity, phagocytosis and lysosomal
status in hemocytes of M. edulis exposed for 21 days to different combi-
nations of temperature and nZnO. Molecular immune profile of the he-
mocytes was assessed by mRNA expression of the key immune-related
genes including the pathogen recognition factors (Toll-like receptor b
and c), antimicrobial peptides (myticin, mytilin and defensin), comple-
ment systems (C1 and C3q), inflammatory cytokines (TNF and TGF-3),
and MyD88 innate immune signal transduction adaptors (MyD88a
and MyD88c). Our study shows that the effects of the nanopollutants
such as nZnO on the innate immunity of the mussels are temperature-
and season-dependent and provides new insights into the potential ef-
fects of nZnO on immunocompetence of the mussels in polluted tem-
perate coasts.

2. Materials and methods
2.1. Mussel collection and exposures

The samples analyzed here were collected in the same experi-
ment as described elsewhere (Wu et al., 2021). The details of the
mussel collection and maintenance, experimental exposures, as
well as determination of Zn concentrations in the seawater and the
mussels' body are provided in our earlier report (Wu et al., 2021).
Briefly, the adult M. edulis (shell length, 56 + 6 mm) were collected
in late October 2018 (winter experiment: the average seawater
temperature ~ 10 °C) and June 2019 (summer experiment: the aver-
age seawater temperature ~ 15 °C) from the same site at a water
depth of about 1 m near coastlines of Warnemiinde, Germany
(54°10'49.602"N, 12°05'21.991”E) (Supplementary Fig. 1). The
study site is characterized by low pollution levels. The two collection
periods corresponded to the reproductive rest (October) and
spawning (June) in the Baltic Sea Mytilus spp. (Benito et al., 2019;
Kautsky, 1982). Habitat salinity at the collection site was 10-16
(practical salinity units).

The experimental exposures followed the protocols described in Wu
etal. (2021). Briefly, after the two-week preliminary acclimation (salinity
15 and the season-specific control temperature of 10 °C and 15 °C for the
winter and summer mussels, respectively), the mussels were exposed for
21 days to different temperatures, nZnO and dissolved Zn levels. Within
each season, the mussels were divided into ten treatments and exposed
to ambient (10 °C in winter and 15 °C in summer similar to the tempera-
ture at the time of collection) or elevated (by 5 °C) temperature combined
with different concentrations (0, 10, 100 pg I™") of nZnO or dissolved zinc
using a static-renewal design. For each treatment, three replicate tanks,
each containing 20 mussels in 6 | of seawater was used. The mussels
were fed every two days with a commercial blend of live algae containing
Nannochloropsis oculata, Phaeodactylum sp. and Chlorella sp. (Premium
Reef Blend, CoralSands, Wiesbaden, Germany) per manufacturer's in-
structions. Artificial seawater (Instant Ocean®) was used in this study
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and supplemented with 20% of the filtered natural Baltic seawater
(salinity ~12) to achieve salinity 15.

During each water change, fresh nZnO suspensions were made from
the same stock and sonicated prior to addition to the experimental
tanks. Following addition of nZnO or dissolved Zn (as ZnSQ,), the
water in experimental tanks was vigorously mixed to ensure
chemicals' distribution. Further details of the mussels' maintenance
and exposures are provided in the supplementary materials (SI
Appendix). Preparation and characterization of nZnO and ZnSO4 were
described elsewhere [(Falfushynska et al., 2019b), see SI Appendix for
the detailed information]. The average particle size and zeta-potential
of nZnO used in these experiments was 30 nm and —9.6 mV, respec-
tively (Supplementary Figs. 1 and 3). The size of the nanoparticle aggre-
gates has been determined as the hydrodynamic diameter (~817 nm at
salinity 15) by Dynamic Light Scattering (DLS) (Supplementary Fig. 3).
Pilot studies showed that the dissolved Zn concentrations in the seawa-
ter in nZnO exposures were not significantly above the normal seawater
background indicating that there was no considerable dissolution of
nZnO during exposures, likely due to frequent water change (data not
shown). Total Zn concentrations (including dissolved and particulate
Zn) and Zn accumulation in the mussels from the same exposures as
used in the present study are reported elsewhere (Wu et al., 2021).
No mortality of the mussels occurred during the experiment.

Elevated temperatures (by 5 °C) were chosen to represent the pre-
dicted warming condition in natural habitats of the Baltic Sea mussels
Mytilus spp. according to the near-future (2100) climate change scenar-
ios (IPCC, 2014). As the predicted no observed effect concentration
(PENC) for nZnO is 0.2-5 pg 17! (Chen et al., 2018a; Coll et al., 2016;
Hong et al., 2021), we selected two nZnO levels (10 pg 1™ as low con-
centration and 100 pg ™! as high concentration) for hazard assessment
to detect sub-lethal physiological effects. Exposure to 10 pg I~ and
100 pg 17! of dissolved zinc was used as a positive control to test
whether the toxic effects of nZnO might be due to the potential release
of Zn?* due to the nanoparticles dissolution. The durations of the pre-
liminary acclimation (14 days) and experimental exposures (21 days)
were considered sufficient to reach physiological steady-state in the
mussels (Berger, 1986; Khlebovich, 2017). After 21 days of experimen-
tal exposures, mussels were dissected and hemolymph was collected
for further analyses of the functional traits and immune gene expression
in hemocytes.

2.2. Hemolymph collection

Hemolymph was collected from the posterior adductor muscle of
mussels using a 1.0 ml syringe with a 21 gauge needle. All samples
were mixed with 1 ml ice cold sterile-filtered artificial seawater and
stored on ice to minimize aggregation of hemocytes. To reduce the var-
iability among biological replicates and obtain sufficient material for all
analyses, each biological replicate represented pooled hemolymph from
six mussels (0.6-1.0 ml hemolymph per mussel) from the same repli-
cate tank. A total of three biological replicates was used to measure
functional traits and gene expression of hemocytes. For the functional
traits measurements, hemolymph samples were used immediately
after collection. For mRNA expression measurements, hemolymph
was centrifuged for 10 min at 1000 xg, the hemocyte pellet was washed
once with ice-cold filtered seawater and kept at —80 °C for further
analysis.

2.3. Functional traits

Total hemocytes count (HC) was determined using a Brightline he-
mocytometer (Sigma Aldrich, St. Louis, MO, USA) and expressed as the
amount of cells per ml haemolymph. Hemocyte mortality (HM) was de-
termined using Trypan Blue exclusion assay and expressed in the per-
centage of the blue-stained (dead) hemocytes relative to the total
hemocyte count in each sample. Adhesion capacity (AD) of hemocytes
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was measured by a 12-well plate (Costar, Corning) as the percentage
of adhered hemocytes in the hemocyte population of 10° cells per
well. Five technical replicates were done for each biological replicate
to measure HC, HM and AD, and the values of five technical replicates
were averaged. Other details of analyses can be found elsewhere (Wu
et al., 2020).

Phagocytosis rate (Pha) was measured as the number of engulfed
zymosan particles per cell (Coles et al., 1995). Briefly, suspension of
Neutral Red-stained, heat-stabilized zymosan (Sigma Aldrich, St. Louis,
MO, USA) was added to hemocytes at the final concentration of 200 zy-
mosan particles per hemocyte. Hemocytes were incubated for 30 min at
room temperature, centrifuged 10 min at 1000 xg, resuspended in 2 ml
ice cold ASW to remove free and surface-attached zymosan particles,
and centrifuged again for 10 min at 1000 xg to collect the hemocytes.
For calibration, a cell-free solution with the known number of the
zymozan particles was used. The Neutral Red dye was extracted from
the hemocyte samples and the standards by incubation in 0.1 ml acetic
acid (1% in 50% ethanol) for 5 min. The absorbance was determined at
550 nm by a 96-well plate on a SpectraMax ID3 Multi-Mode Microplate
Reader (Molecular Devices, USA).

Neutral red uptake (NRU) was measured in hemocytes and was
expressed in absorbance units (AU) per 10® hemocytes. Briefly, hemo-
lymph samples were centrifuged for 10 min at 600 xg, 4 °C and
resuspended in 2 ml of HEPES-buffer containing 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 436 mM
Nacl, 53 mM MgSO4, 10 mM KCl, 10 mM CaCl,, pH 7.3 (Marchi et al.,
2004). Hemocytes were washed three times by centrifugation-
resuspension and resuspended in 0.2 ml HEPES-buffer at the concentra-
tion of 107 cells ml~!. Hemocyte suspension (1 ml containing 107 cells)
was added to 0.5 ml of physiological saline with 0.004% w/v Neutral
Red, incubated for 2 h and centrifuged 10 min at 600 xg. Hemocytes
were washed twice to remove the free dye, and resuspended in 1 ml
HEPES-buffer. The dye was extracted from the cell suspensions with
0.2 ml an acetic acid-ethanol mixture (1:1 v/v). Absorbance was mea-
sured at 550 nm using a 96-well plate on a SpectraMax iD3 Multi-
Mode Microplate Reader (Molecular Devices, USA).

2.4. mRNA expressions of key immune-related genes

For analysis of the transcript levels of immune-related genes
(Table 1), total RNA was isolated from hemocytes, and cDNA synthesis
and quantitative PCR were conducted as described elsewhere (Wu
etal., 2020). The primer sequences and the details of the mRNA expres-
sion analyses are provided in Table 1 and SI Appendix, respectively. The
apparent amplification efficiency was calculated for each primer pair,
and the expression of the target genes was normalized against the ex-
pression of the eukaryotic elongation factor eEF1 (Pfaffl, 2001). The re-
sults was expressed as fold change in mRNA expression in the treated
group relative to the mRNA expression in the respective control group
(no Zn additions and ambient temperature corresponding to 10 °C in
winter and 15 °C in summer).

2.5. Statistics

The effects of Zn treatment, temperature regime and their interactions
on the studied traits were tested separately for each season by two-way
analysis of variance (ANOVA). Further, the interactive effects of Zn
treatment and season at a common temperature (15 °C) were tested by
two-way ANOVA. Prior to analyses, data were checked for normality
and homogeneity of variances using the Shapiro-Wilks and Levene's
tests, respectively. Data deviating from the normal distribution were
Box-Cox transformed. The significant effects of Zn treatments were ana-
lyzed using Tukey's Honest Significant Difference (HSD) test within
each temperature regime, and the effects of temperature were analyzed
by a Student's t-test within each Zn treatment. The principal component
analysis (PCA) and discriminant analysis (DA) were carried out on the
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Table 1
Primer sequences for the target and housekeeping genes used for qPCR.
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NCBI accession numbers of the sequences used for primer design are given. When no sequence information was available for M. edulis, we used homologous sequences from closely related
Mpytilus species (M. galloprovincialis, or M. coruscus) to generate primers. For TGF-3 we used earlier published primers from M. coruscus (Qi et al., 2019). Gene abbreviations: TLRb - Toll-like
receptor b; TLRc - Toll-like receptor ¢; C1 - C1 complement domain-containing protein; C3q - Complement component C3-like protein; MyD88a - Myeloid differentiation primary response
gene 88 a; Myd88c - Myeloid differentiation primary response gene 88 c; TNF - Tumor necrosis factor; TGF- - Transforming growth factor-beta; eEF1 - Eukaryotic elongation factor 1o

Gene Forward primer (5’-3") Reverse primer (5’-3") NCBI accession # Tread

Myticin CAGAGGCAAGTTGTGCTTCC GGAATGCTCACTGGAACAACG AF177540 77 °C
Mytilin GGCGTTGCTACTGCAAATGT TGTTCGGTTTCTCCTGTGGG AF162336 78 °C
Defensin CAGCAAATTGCAAGGGAGGT TGGCGCCAATCCAACTAGA JN935272 79 °C
TLRb TGATTGGCCGTTAGAGGAGC CATACACACGTGTCTCGCCT JX173687 77 °C
TLRc ATCCCGAGAAGTATGCGTGC CAAAAGGGGGACAGCGATCA JX173688 76 °C
C1 GGCATTAACATCAGGCAGCG TACGTCCCTTTACGTGGAGC HQ664950 76 °C
C3q TGATTTGTCCGGGGAAGTGG GCAGACCTGCCTGTTCTTCT KP125947 79 °C
MyD88a AGGATTCGAGGACAGCGAAG GGCCAAACCCATTCTCGTTG JX112712.1 74 °C
Myd88c TCTTGCTGGAGGGGCAAAAT GCACCTGGCGCTAATGATTG KC357782.1 75 °C
TNF ATGTGCCAATTCCCTGTCCT TCTGCTGTCACCTGTTCACC KC994893 75 °C
TGF-3 TGCGGGTAAAACCAAGACCA TCCCTGGCGGCTTCAATTAC - 76 °C
eEF1 GACAGCAAAAACGACCCACC TTCTCCAGGGTGGTTCAGGA AF063420 77 °C

normalized data. Further details of the statistical tests are described in SI
Appendix. The analyses were performed using SPSS 18.0 and GraphPad
Prism 6.0.The results were expressed as the means + the standard
error (SE) and the effects were considered significant at P < 0.05.

3. Results

In winter mussels' hemocytes, the ANOVA results showed significant
effects of Zn exposure x temperature interactions (P < 0.05) for HM,
Pha, NRU and the transcript levels of defensin and Myd88c (SI Appen-
dix, Supplementary Table 1A). In summer mussels' hemocytes, the Zn
exposure x temperature interactions were significant (P < 0.05) for
Pha, NRU and the transcript levels of most studied genes except
defensin, C3q and Myd88a (SI Appendix, Supplementary Table 1B). At
a common temperature of 15 °C, significant effects of season and the in-
teractions between season and Zn treatment were found for Pha, NRU
and the expressions of most of the studied genes (P < 0.05) (SI Appen-
dix, Supplementary Table 2).

3.1. Hemocytes functions

No significant effects of nZnO or dissolved zinc were observed on the
total hemocyte counts (Fig. 1A, B). Within each season, warming had no
significant effect on the total hemocyte counts (Fig. 1A, B). Generally,
hemocyte mortality increased with increasing of nZnO or dissolved
zinc concentrations at all temperature x season combinations (Fig. 1C,
D). Within each season, warming had no significant effect on the hemo-
cyte mortality (Fig. 1C, D).

In winter mussels, a slight but statistically significant (P < 0.05) de-
crease was observed in adhesion capacity when the mussels were ex-
posed to high nZnO at 10 °C or 15 °C, whereas dissolved zinc exposure
had no significant effect on this trait (Fig. 1E). In the winter Zn?* ex-
posed mussels, elevated temperature (15 °C) improved the adhesion ca-
pacity of hemocytes (Fig. 1E). No significant effects of the warming,
nZnO or dissolved zinc groups were observed on the hemocyte adhe-
sion capacity in the summer mussels (Fig. 1F).

Exposure to nZnO (10 or 100 pg 1= ') and dissolved Zn (100 pg 17!
only) stimulated phagocytosis in all temperature x season combina-
tions except for the winter mussels at 15 °C (Fig. 2A, B). In control mus-
sels, elevated temperatures stimulated phagocytosis (Fig. 2A, B).
Warming also stimulated phagocytosis in the nZnO-exposed summer
mussels, whereas this trend was reversed in the winter (Fig. 2A, B).

Exposure to 10 or 100 pg 1! of nZnO significantly increased the neu-
tral red uptake (NRU) of the hemocytes in the winter and summer
(Fig. 2C, D). A similar trend was found in the mussels exposed to
100 ug I=' Zn?™ in all temperature x season combinations except for
the winter mussels at 15 °C (Fig. 2C, D). In the control and nZnO-

exposed mussels, elevated temperature increased the NRU regardless
of the season (Fig. 2C, D). In the mussels exposed to dissolved Zn, a sim-
ilar effect of warming was observed in summer but not in winter
(Fig. 2C, D).

3.2. Immune gene expression

3.2.1. Winter mussels

At 10 °C, nZnO exposure increased the transcript levels of most stud-
ied immune-related genes in the mussels' hemocytes (Figs. 3-5A, C, E,
G). At 10 °C, the increases of the mRNA levels in the hemocytes of the
mussels exposed to 100 pg 1~! nZnO (relative to the respective con-
trols) were: ~8.0, 3.3 and 3.2-fold for mytilin, myticin and defensin;
~5.3 and 3.4-fold for TLRb and TLRc; ~6.3 and 11.1-fold for TNF and
TGF-P; ~6.7 and 10.0-fold for C1 and C3q; and ~4.3 and 2.9-fold for
MyD88a and MyD88c, respectively. At 10 °C, the mRNA levels of
mytilin (~3.6-fold), TNF (~3.5-fold), TGF-B (~4.7-fold), C1 (~2.8-
fold), C3q (~3.7-fold), MyD88a (~2.1-fold) and MyD88c (~1.8-fold)
were also significantly elevated in the hemocytes of the mussels ex-
posed to 100 pg 1~ ! dissolved Zn (Figs. 3A, 4E, G and 5A, C, E and G).
Expressions of other studied immune-related genes were not signif-
icantly affected by dissolved Zn?* exposures at 10 °C (Figs. 3-5A, C,
E, and G).

Elevated temperature (15 °C) had no significant influence on the
transcript levels of the immune-related genes in the control winter
mussels (Figs. 3-5A, C, E, and G). Similar to the pattern observed at
10 °C, exposure to nZnO at 15 °C upregulated the immune gene expres-
sion in the hemocytes (Fig. 3-5A, C, E, and G). At 15 °C, the relative in-
creases of the transcript levels of the immune-related genes in the
mussels exposed to 100 pg 1~! nZnO (relative to the respective controls)
were: ~3.8, 3.0 and 16.1-fold for mytilin, myticin and defensin; ~6.1 and
3.7-fold for TLRb and TLRc; ~5.7 and 3.0-fold for TNF and TGF-33; ~5.6
and 7.6-fold for C1 and C3q; and ~ 6.4 and 5.5-fold for MyD88a and
MyD88c, respectively. Effects of the dissolved Zn at 15 °C were weaker
than those of the corresponding nZnO concentrations, and a significant
increase in the mRNA expression (~1.6-3.7-fold above the control)
were only found in some immune-related genes of the mussels exposed
to 100 pg 1~ dissolved Zn (Figs. 3-5A, C, E, and G).

3.2.2. Summer mussels

The transcriptional response to nZnO of most studied immune-
related genes (except defensin) was dampened in the summer mussels.
Thus, at the ambient summer temperature (15 °C), exposure to
100 pg 17! nZnO increased the transcript levels of defensin and
MyD88c (by ~7.5 and 3.7-fold, respectively) and decreased the tran-
script levels of TLRc by ~2.3-fold, relative to the control baseline
(Figs. 3F, 4D and 5H). Transcript levels of MyD88c were also ~3.1-fold
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Fig. 1. Functional parameters of hemocytes of M. edulis in response to nZnO/Zn>* and temperature exposures.

A, G, E - Winter; B, D, F - Summer; Total hemocytes count (A, B) was expressed as the amount of cells per ml haemolymph; Mortality (C, D) was evaluated as the percentage of the blue-
stained hemocytes relative to the total hemocyte count; Adhesion capacity (E, F) was expressed in the percentage of adhered hemocytes in the total hemocyte population (10° cells).
Different letters indicate significant differences among nZnO or Zn?* treatments within fixed temperature level (Tukey HSD test, P < 0.05), and asterisks indicate significant
differences between two temperatures within the same Zn treatment group (t-test, P < 0.05). N = 3. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

elevated in the hemocytes of the mussels exposed to 10 ug ™' nZnO
(Fig. 5H). mRNA expressions of other immune-related genes were not
significantly affected by 10 ug =" or 100 pg 1! of nZnO. Exposure to
10 pg 17! of dissolved Zn suppressed the transcript levels of myticin,
mytilin and defensin by ~2.3, 3.1 and 6.8-fold, respectively (Fig. 3B, D,
F), whereas exposure to high dissolved Zn elevated the mRNA levels
of defensin and C1 (by ~4.9 and 3.4-fold, respectively) and suppressed
the mRNA levels of TLRb, TLRc and TGF-{ (by ~3.4, 12.6 and 16.9-fold,
respectively) (Figs. 3F, 4B, D, H and 5B).

Elevated temperature (20 °C) suppressed mRNA expression of
defensin (by ~4.6-fold), TGF-3 (by ~9.2-fold) and the complement sys-
tem C1 (by ~3.9-fold) and upregulated MyD88c (by ~4.1-fold) in the
summer control mussels (Figs. 3F, 4H and 5B, H). Transcript levels of
other studied immune-related genes were not affected by warming
(Figs. 3-5 B, D, F and H). Co-exposure to the elevated temperature
(20 °C) and nZnO generally enhanced the transcriptional response of
the immune-related genes compared to the responses observed at
15 °C (Figs. 3B, D, F, 4B, H and 5B). At 20 °C, exposure to dissolved Zn
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had no significant influence on the expression of most of the immune-
related genes except for defensin (suppressed by 10 ug1~! Zn?>* and up-
regulated by 100 pg I~! Zn?*) and TGF-B (upregulated by 10 ug 1!
Zn*™) (Figs. 3-5B, D, F and H).

3.3. Principal component (PCA) and discriminant analysis (DA)

The PCA and DA analyses based on the integrated biomarker profile
showed a strong differentiation of the groups acclimated to the high
concentration of nZnO from all other groups, as well as clear separation
of the elevated temperature and ambient temperature groups in both
winter and summer mussels (Figs. 6 and 7).

3.3.1. Winter mussels

In winter mussels, PC1 explained 67.3% of the overall variance and
was the main axis associated with Zn exposure (Fig. 6A). The group ex-
posed to the high (100 ug 1=!) concentration of nZnO was separated
from all other groups along the PC1 axis and was associated with the
high loadings of muytilin, myticin, TLRb, TLRc, C1, C3q, and TGF-p
(Fig. 6B). The position of the control samples overlapped with the
groups exposed to the low concentration of dissolved Zn, whereas the
groups exposed to low concentration of nZnO or high concentration of
dissolved Zn occupied intermediate positions between the controls
and the group exposed to high nZnO concentration. In winter mussels,
PC2 accounted for 10.1% of the overall variance and presented a

temperature specific response since the groups exposed to the elevated
temperature (15 °C) were separated from the ambient winter tempera-
ture (10 °C) along this axis (Fig. 6A) associated with high loadings of
phagocytosis rate and mRNA expression of defensin (Fig. 6B; Supple-
mentary Table 3).

The DA analysis showed high Mahalanobis distances between the
controls and the groups exposed to high concentration of nZnO as
well as between the controls and those exposed to 100 pg 1! dissolved
Zn (Fig. 6C). The traits that significantly contributed to the discriminant
model in the winter mussels included TLRb, C1, C3q, TGF-3, hemocyte
mortality, phagocytosis and NRU (P < 0.05) (SI Appendix, Supplemen-
tary Table 4).

3.3.2. Summer mussels

In summer mussels, PC 1 (34.2% variation) separated the groups ex-
posed to high concentration of nZnO and all other groups (Fig. 7A) and
had high loadings of mytilin, defensin, myticin, and MyD88a, hemocyte
mortality, phagocytosis and NRU. The PC2 (20.9% variation) separated
the elevated temperature (20 °C)-exposed mussels from the ambient
temperature (15 °C) group (Fig. 6A) and had high loadings of NRU
and mRNA expression of TLRb (Fig. 7B; SI Appendix, Supplementary
Table 5).

The DA analysis showed high Mahalanobis distances between the
controls and the groups exposed to high concentration of nZnO as
well as the controls and the groups exposed to high concentration of
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Fig. 3. Inmune-related gene expression of hemocytes of M. edulis in response to nZn0/Zn** and temperature exposures.

A, C,E - Winter; B, D, F - Summer; Mytilin (A, B); Myticin (C, D); Defensin (E, F). The results were expressed as fold change in mRNA expression in the treated group relative to the mRNA
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differences among nZnO or Zn?* treatments within fixed temperature level (Tukey HSD test, P < 0.05), and asterisks indicate significant differences between two temperatures within

the same Zn treatment group (t-test, P < 0.05). N = 3.

dissolved Zn (Fig. 7C). The traits that significantly contributed to the dis-
criminant model in the summer mussels (P < 0.05) included mRNA ex-
pression of the defensin and C1, and hemocyte mortality (SI Appendix,
Supplementary Table 6).

4. Discussion

Our study showed that nZnO strongly affects the immune-related
functional and transcriptional responses of the mussels’ hemocytes, and
that the immunomodulatory effects of nZnO are modified by the season
and the ambient temperature (SI Appendix, Supplementary Table 7).

4.1. Effect of nZnO on hemocytes functional traits

The number of circulating hemocytes is an important index of the
immune health in bivalves that depends on the dynamic balance
between hemocyte mortality, hematopoiesis, and infiltration (Allam
and Raftos, 2015; Pila et al., 2016). Exposures to high concentrations
(100 pg 1™ 1) of nZnO or dissolved zinc increased mortality of mussels'
hemocytes regardless of the temperature or the season. Similar
increases in hemocyte mortality were observed in bivalves M. edulis,
M. coruscus and Perna viridis under nZnO (Wu et al., 2020; Wu et al.,
2018) and nTiO, exposures (Huang et al., 2016; Wang et al., 2014).
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Despite elevated mortality, the total hemocyte count of M. edulis did not
change in response to the nZnO or dissolved Zn exposures. Similarly,
exposure of the Baltic Sea M. edulis to 100 ug 1=! nZnO under the
normal (15) or fluctuating (5-15) salinity had no impact on the total
hemocyte count (Wu et al., 2020). These findings suggest that mussels
can compensate for increased hemocytes mortality caused by nZnO
by increased hematopoiesis and/or recruitment of the resident
hemocytes from other compartments.

Hemocyte adhesion capacity (AD) is essential for the protective func-
tions such as encapsulation of the foreign bodies and wound healing in
bivalves (Holmblad and Soderhall, 1999; Ivanina et al.,, 2018). In our pres-
ent study, a significant decrease of AD was found in winter mussels
M. edulis under high concentration of nZnO (100 pg 1=1). A similar albeit
not statistically significant trend was found in the summer mussels. A de-
crease in the AD was earlier reported in the blue mussels M. edulis ex-
posed to high concentrations of nZnO (100 pg 1=!) under different
salinity regimes (Wu et al., 2020). The mechanism of the inhibition of
AD caused by nZnO might be related to changes in the function and abun-
dance of the adhesion-related molecules such as integrins (Holmblad and
Soderhall, 1999) or by induction of apoptosis by nZnO exposure
(Falfushynska et al., 2015; Li et al., 2018) that might contribute to the
loss of the hemocyte attachment. Unlike nZnO, exposure to dissolved
Zn had no significant influence on the AD of the hemocytes of the mussels
in our present study. These results are consistent with the earlier reports
that found no effect of dissolved metals including Zn?>* (Wu et al., 2020),
Cd** and Cu®™ (Ivanina et al., 2014; Ivanina et al.,, 2016) on the adhesion
capacity of bivalve hemocytes.

Phagocytosis plays an important defense function in marine bivalves
internalizing pathogens and foreign materials and targeting them for
destruction in the lysosomes (Canesi et al., 2002; Hegaret et al., 2003).
Exposure to 10-100 pg 1™ nZnO stimulated phagocytosis in the hemo-
cytes of M. edulis. This stimulation indicated that ZnO nanoparticles
might be recognized as non-self-material and engulfed by the mussel
hemocytes (Canesietal., 2012). The nZnO-induced increase in phagocy-
tosis was accompanied by an increase in the lysosomal volume of hemo-
cytes showed by the enhanced NRU. Earlier studies in the mammalian
cell cultures and bivalve hemocytes also reported an increase in the ly-
sosomal volume in response to nanomaterial exposures (Halamoda
Kenzaoui et al., 2012; Huang et al., 2015; Wang et al., 2018a; Wang
et al.,, 2018b; Zhou et al., 2018).

Overall, our present study shows that modulation of the studied
functional traits and viability of the mussel hemocytes by nZnO expo-
sures was consistent across experimental temperatures in both studied
seasons. These changes (elevated mortality, enhanced phagocytosis and
NRU, and suppressed adhesion capacity) might thus be considered a
signature of nZnO-induced immunotoxicity. Except for mortality that
similarly increased in nZnO- and Zn?"-exposed mussels, other studied
traits (including phagocytosis, NRU and AD) were considerably less sen-
sitive to dissolved Zn than to nZnO indicating that Zn>* release is un-
likely to fully explain the observed immunomodulatory effects of ZnO
nanoparticles.

4.2. Season-dependent transcriptional immune responses to nZnO

Exposure to nZnO induced a strong transcriptomic response in vari-
ous immune-related genes in the hemocytes of M. edulis collected in the
winter, both at the ambient (10 °C) and the elevated (15 °C) tempera-
tures. The transcriptional profile of hemocytes of nZnO-exposed winter
mussels indicated overall stimulation of the pathogen recognition, hu-
moral defense and inflammatory pathways by the nanoparticles. Thus,
mRNA levels of the Toll-like receptors TLRb and ¢ were upregulated by
nZnO in the winter mussels. The Toll-like receptors are key immune rec-
ognition factors that sense the pathogen-related molecular patterns
(Ward and Rosenthal, 2014; Zhang et al., 2015). In aquatic organisms in-
cluding molluscs, the Toll-like receptors are involved in the recognition
of nanoparticles (Kedmi et al., 2010; Turabekova et al., 2014; Yang et al.,
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2015) and stimulated by nZnO and dissolved metals (Auguste et al.,
2019; Luetal.,2013). The upregulation of the mussels' TLRs by nZnO ob-
served in our present study might thus explain the elevated expression
of humoral defense mechanisms (such as antimicrobial peptides) and
inflammatory pathways (discussed below) which are regulated by
Toll-like receptors (Doyle et al., 2004; Engstrom, 1999).

The antimicrobial peptides (AMPs) myticin, mytilin and defensin
were strongly transcriptionally stimulated by nZnO exposure in the
winter mussels. AMPs are cysteine-rich peptides that act as broad-
spectrum antibiotics against eukaryotic, bacterial and viral pathogens
in marine bivalves (Balseiro et al., 2011; Domeneghetti et al., 2015;
Hubert et al., 1996; Mitta et al., 1999; Schmitt et al., 2012). Similar to
our present findings, earlier research showed transcriptional upregula-
tion defensin in the blue mussels exposed to 100 pg 1~! nZnO albeit this
effect was observed only under the normal (15) salinity regime but not
at the low (5) or fluctuating (5-15) salinity (Wu et al., 2020). Defensin
expression was the most sensitive to nZnO exposure of all studied
AMPs regardless of the acclimation temperature (this study) and salin-
ity (Wu et al,, 2020). Elevated mRNA expression of mytilin and defensin
was also observed in M. galloprovincialis exposed to 10-100 pg I~ ! nTiO,
(Barmo et al., 2013). Thus, the present study and published research
(Barmo et al., 2013; Ciacci et al., 2011; Wu et al., 2020) indicate that
nZnO interactions with the mussels cells activates signal transduction
pathways similar to the known AMP inducers such as bacteria, fungi
or viruses.

Inflammation is a common cellular response to nanopollutants in-
cluding nZnO-as demonstrated in bivalves (Falfushynska et al., 2019b),
human cell cultures (Chang et al,, 2013) and mice (Cho et al,, 2011). Con-
sistent with this notion, our present study showed upregulated transcript
levels of inflammatory cytokines including the tumor necrosis factor
(TNF-at) and transforming growth factor-beta (TGF-) in nZnO-
exposed winter mussels. nZnO exposures also stimulated the mRNA ex-
pression of TGF-f and the nuclear factor KB (NF-<B), a key inflammation
regulator, in the M. edulis exposed to nZnO (Falfushynska et al., 2019b),
supporting pro-inflammatory action of nZnO. Furthermore, nZnO expo-
sure activated the downstream components of the complement system
(including the classical (C1) and alternative (C3q) pathways) in the win-
ter mussels, consistent with the notion of the complement system activa-
tion by the inflammatory cytokines TNF-o and TGF-8 (Markiewski and
Lambris, 2007). The complement system regulates the immune recogni-
tion cascade to recognize and opsonize foreign bodies and altered-self
particles such as infected or dying host cells (Mayilyan et al., 2008;
Ricklin et al., 2016; Volanakis, 1990). In marine bivalves, the complement
system components including C1 and C3q are stimulated by bacterial
pathogens or toxic stress (Chen et al., 2018b; Dong et al., 2017; Peng
et al,, 2017; Peng et al.,, 2016; Wang et al., 2017). Our present findings
of upregulation of the complement system molecules by nZnO are consis-
tent with the earlier reports of the induction of the expression of C3q by
metals and metal-containing nanoparticles (including nCeO, and Cu?*)
in bivalves (Auguste et al., 2019; Chen et al., 2018b). This indicates that
the immune system of mussels might recognize and opsonize the
nanoparticles as foreign materials, leading to enhanced phagocytosis of
nanoparticles. Furthermore, transcriptional upregulation of the MyD88
factors (MyD88a and MyD88c) which link the Toll-like receptors signal-
ing with inflammatory and immune effectors (Bouallegui, 2019; Muzio
et al.,, 2013; Wesche et al., 2013) went hand-in-hand with an increase
in the mRNA level of the TLRs, inflammatory cytokines, AMPs, and the
complement system indicating a coordinated inflammatory and immune
response to nZnO in the winter mussels at all experimental temperatures.

In summer mussels, the immune responses to nZnO were blunted,
especially at the ambient (15 °C) temperature. This was reflected in
the PCA analysis that showed that PC1 (the axis that separated the con-
trol from nZnO-exposed groups) explained ~34% of the overall variance
in summer mussels compared to ~67% in the winter mussels. The nZnO-
induced increase in phagocytosis rates was considerably less pro-
nounced in the summer mussels compared to their winter counterparts,
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regardless of the acclimation temperature. The transcriptional response
to nZnO was also blunted or reversed in the summer mussels. Thus, un-
like in the winter mussels, no ZnO-induced transcriptional upregulation
of mytilin, myticin, MyD88a or the complement system proteins C1 and
C3q was found in the summer mussels at 15 °C. The mRNA expression of
the inflammatory cytokines was suppressed (TGF-R) or remained un-
changed (TNF-a) in the nZnO-exposed summer mussels at 15 °C. Like-
wise, the transcript levels of the Toll-like receptors were unchanged
(TLRDb) or suppressed (TLRc) in the summer mussels at 15 °C. This
blunted immune response to nZnO in the summer mussels is unlikely
to be a direct consequence of the temperature because the winter mus-
sels retained a strong immune response to nZnO at 15 °C. Interestingly,
warming to 20 °C partially restored the transcriptomic response to
nZnO in the hemocytes of the summer mussels; however, this effect
was evident only for some genes (including AMPs, TLRb, C1 and TGF-
R) and the degree of the transcriptional induction by nZnO remained
lower than in the winter. The causes of the observed decrease in the im-
mune sensitivity to nZnO in the summer mussels are presently un-
known and require further investigation. One possible mechanism
might include a trade-off between reproduction and immunity in sum-
mer mediated by the competing energy demands of these processes as
shown in bivalves (Brokordt et al., 2019; Di and Baozhong, 2021) and
other invertebrates (Schwenke et al.,, 2016). Such trade-off might limit
the energy investment into the immune defense during the reproduc-
tive period in summer mussels leading to a dampened response to
nanopollutants.

4.3. Conclusions and outlook

The present study demonstrated that nZnO strongly affect the
immune-related functional and transcriptional responses of the hemo-
cytes of a sentinel mussel M. edulis, and that the immunomodulatory ef-
fects of nZnO are modified by the season and the ambient temperature.
Generally, exposure to nZnO induced a strong transcriptomic response
in multiple immune and inflammation-related genes and stimulated
phagocytosis (indicating that nZnO particles might be recognized as
non-self by the mussel hemocytes) in the winter M. edulis indicating a
coordinated inflammatory and immune response to nZnO. In addition,
these transcriptional immune responses to nZnO were considerably
stronger than those induced by the comparable concentrations of dis-
solved Zn suggesting that Zn>" release is not likely to fully explain the
immunostimulatory effects of nZnO. Notably, seasonal warm acclimati-
zation and additional warming in summer (but not in winter) mitigated
or suppressed the nZnO-induced transcriptional upregulation of AMPs,
TLRs and the complement system proteins indicating that elevated
summer temperatures might reduce sensitivity to the pathogen- and
non-self-recognition in the mussels. The findings suggest that the com-
bined exposures to nZnO and warming have different effects on the in-
nate immunity of the mussels depending on the season, which might
have implications for the ability of mussels from nanoparticles-
polluted habitats to cope with the elevated levels of the pathogen expo-
sure COMmMoN in summer.
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Characterization of ZnO nanoparticles

Dispersion of ZnO nanoparticles (nZnO) (particle size <100 nm (TEM), average
particle size 30.1 + 0.4 nm, pH 7.5 £ 1.5, hydrodynamic size ~817 + 174 nm and zeta-
potential -9.6 mV at salinity 15) were purchased from Sigma-Aldrich Sweden AB
(Stockholm, Sweden). High resolution transmission electron microscopy of nZnO
showed a lattice spacing of 2.45 A and 2.60 A corresponding to the (101) and (002)
lattice planes of typical wurtzite zinc oxide crystals (Supplementary Figure 1 was

published as (Falfushynska et al., 2019)).

Animal collection and maintenance

The wild blue mussels M. edulis (shell length, 56 + 6 mm) were collected near Rostock,
Germany (54°10°49.602"N, 12°05°21.991"E) in late October 2018 (winter experiment:
the average seawater temperature ~10 °C) and June 2019 (summer experiment: the
average seawater temperature ~15 °C). All mussels used in the experiments were adults,
and the two collection periods corresponded to the reproductive rest (October) and
spawning (June) in the Baltic Sea Mytilus spp. (Benito et al., 2019; Kautsky, 1982).
Habitat salinity at the collection site was 10-16. The mussels with no shell damage were
selected and the shell surface was cleaned from epibionts. Prior to the experiments, the
mussels were kept for two weeks in recirculated temperature-controlled aquaria at
salinity 15 and the temperature similar to that at the time of collection (10 °C and 15 °C
for the winter and summer mussels, respectively). Two weeks is considered sufficient
time for acclimation to environmental shifts in temperate marine bivalves (Berger, 1986;

Khlebovich, 2017).

Experimental exposures

After two-week preliminary acclimation, the mussels were randomly divided into ten
treatment groups and exposed for 21 days to different temperatures and concentrations

of nZnO or dissolved Zn. Within each season, two factors were tested in a fully crossed



design with two temperature levels (10 and 15 °C as ambient and elevated temperature
in the winter, and 15 and 20 °C as ambient and elevated temperature in the summer)
and five Zn treatments: no Zn addition as a control, nZnO at the concentrations of 10
ug 1! Zn and 100 pg 1! Zn, and 10 pg 1! and 100 pg 1! of dissolved Zn (added as
ZnS0a). A static renewal design was used with the water change every two days in all
experimental treatments. For each treatment, three replicate tanks, each containing 20
mussels in 6 | of seawater was used. Fresh aliquots of nZnO suspension or ZnSO4
solution were added during every water change to maintain nZnO or Zn?" levels. The
mussels were fed ~2 h before the water change with a commercial blend of live algae
containing Nannochloropsis oculata, Phaeodactylum sp. and Chlorella sp. (Premium
Reef Blend, CoralSands, Wiesbaden, Germany) per manufacturer’s instructions. No
mortality of the mussels occurred during the experiment. Measurements on functional
traits and gene expression of hemocytes were conducted after 21 days of the

experimental exposures.

mRNA expression of key immune-related genes

Total RNA was extracted from the hemocytes using TRIzol reagent (Thermo Fisher
Scientific, Berlin, Germany) and purified from the possible DNA contamination with
TURBO DNA-free Kit (Thermo Fisher Scientific, Berlin, Germany). cDNA was
synthesized from 2.0pg of purified RNA by High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Berlin, Germany) according to the
manufacturer’s instructions. qRT-PCR was performed using StepOnePlus™ Real-Time
PCR System Thermal Cycling Block (Applied Biosystems, Thermo Fisher Scientific,
Berlin, Germany) and Biozym Blue S’Green qPCR Mix Separate ROX kit (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany) according to the manufacturer’s
instructions. The cycling parameters were as follows: 95 °C for 2 min to activate the
polymerase followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. Signal readout was
conducted at the primer-specific reading temperature at the end of each cycle

(Supplementary Table 1). In each run, serial dilutions of a cDNA standard were



amplified to determine amplification efficiency (Pfaffl, 2001). In a pilot analysis, we
tested three housekeeping genes (the eukaryotic elongation factor 1 (eEF1), tubulin and
B-actin) and chose the least variable eEF1 for normalization of the target gene

expression.

Statistical analysis

Pilot analysis showed no effects of replicate tanks or individual gender on the studied
traits (P>0.05); therefore, individual mussels were randomly used for subsequent
analysis. The effects of Zn treatment, temperature regime and their interactions on the
studied traits were tested separately for each season by two-way analysis of variance
(ANOVA). Furthermore, the interactive effects of Zn treatment and season at a
common temperature (15 °C) were tested by the two-way ANOVA. The factor “Zn
treatment” had five levels (control — no Zn addition, 10 pg I'' nZnO, 100 pg I'! nZnO,
10 pg I'! dissolved Zn or 100 pg 1! dissolved Zn). The factor “Temperature” had two
levels (ambient temperature and elevated temperature). The factor “Season” had two
levels (winter and summer). Prior to analyses, data were checked for normality and
homogeneity of variances using the Shapiro—Wilk's and Levene’s tests, respectively.
Data deviating from the normal distribution were Box-Cox transformed. The significant
effects of Zn treatments were analyzed using Tukey’s Honest Significant Difference
(HSD) test within each temperature regime, and the effects of temperature were
analyzed by a Student’s ¢ test within each Zn treatment. Finally, normalized, Box-Cox
transformed data were subjected to the principal component analysis (PCA) to reduce
the dimensionality of the dataset. Discriminant analysis with stepwise module was
performed to assess the ability of the studied biomarkers to distinguish between the
different treatment groups. The analyses were performed using SPSS 18.0 and
GraphPad Prism 6.0.The results were expressed as the means + the standard error (SE)

and the significant effects were considered at P < 0.05.
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Supplementary Figure 1. Map showing the sampling site in the present work.



Supplementary Figure 2. Images of nZnO used in the present work.

(a) Transmission electron micrographs (TEM) of nZnO, (b) high resolution imaging of a single nZnO, (c) selected area diffraction (SAED) pattern
from nZnO, and (d) scanning electron micrograph (SEM) of nZnO. Same batch of nanoparticles was used in our present study as the earlier
published work from our laboratory (Falfushynska et al., 2019). This figure has been published in the Science of the Total Environment
(Falfushynska et al., 2019), copyright Elsevier (2019), and is reproduced with a kind permission of the copyright holder.
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Supplementary Figure 3. Distribution of intensity-weighted hydrodynamic particle size of nZnO dispersed in distilled water (H20) or in the water
of salinity 15 (15 ppt NaCl). Same batch of nanoparticles was used in our present study as the earlier published work from our laboratory
(Falfushynska et al., 2019). This figure has been published in the Science of the Total Environment (Falfushynska et al., 2019), copyright Elsevier
(2019), and is reproduced with a kind permission of the copyright holder.



Supplementary Table 1. Two-way ANOVA analysis of the hemocyte immune related biomarkers of M. edulis in response to Zn treatment and
temperature. Temperature: 10 and 15 °C in winter; 15 and 20 °C in summer. Zn treatment: control, 10 ug 1" nZnO, 100 pg I"' nZnO, 10 pg 1!

Zn*", and 100 pg 1! Zn?". Degrees of freedom (d.f.) for the error were 20 for all studied traits. F and P values are given. Significant effects are

highlighted in bold.
A. Winter.

Source F P F P F P F P F P F P F P F P
df Total hemocytes Hemocyte Adhesion Phagocytosis Neutral red Myticin Defensin Mytilin

Temperature 1 1.757 0.200 1.933 0.180 15420  0.001 1700.125 <0.001 13.139  0.002 0.151  0.702  69.767 <0.001 2312 0.144

Zn 4 5.366 0.004 91.370  <0.001 18.445 <0.001 281.784 <0.001 33209 <0.001 14.873 <0.001 35.068 <0.001 30.102 0.000

T*Zn 4 0.326 0.857 5.015 0.006 0.657 0.629 255935 <0.001 26.886 <0.001 0.521  0.721 17.071 <0.001 1.206  0.339
df TLRb TLRc TNF TGF-p Cl1 C3q Myd88a Myd88c

Temperature 1 0.103 0.751 0.071 0.793 0.106 0.748 0.084 0.776  11.301 0.003 2248  0.149  3.096  0.094 6.992  0.016

Zn 4 18.776 <0.001 9.956 <0.001 17.822  <0.001 22.239 <0.001 23242 <0.001 17.467 <0.001 69.251 <0.001 48.129 <0.001

T*Zn 4 0.297 0.877 0.090 0.985 1.013 0.424 2.674 0.062  0.029 0.998 0.067 0991 2224 0.103 6.397  0.002

B. Summer



Source F P F P F P F P F P F P F P F P
df Total hemocytes count Hemocyte mortality ~ Adhesion capacity Phagocytosis Neutral red uptake Myticin Defensin Mytilin
Temperature 1 6.21 0.022 20.157  <0.001 7.027 0.015 25307 <0.001 78.003 <0.001 2.69 0.117 27345 <0.001 2.058  0.167
Zn treatment 4 1.274 0.313 3391 <0.001 3.185 0.035 132.1 <0.001 104.004 <0.001 15.667 <0.001 65.011 <0.001 15.444 <0.001
T*Zn 4 0.009 1 0.666 0.623 0.234 0916  4.479 0.01 4.371 0.011 4525 0.009 2161 0.111 6.162  0.002
df TLRb TLRc TNF TGF-p Cl C3q Myd88a Myd88c
Temperature 1 8.606 0.008 0.702 0.412 0.166 0.688 0.55 0.467  27.704 <0.001 0.802  0.381 3.17 0.09 24435 <0.001
Zn treatment 4 6.401 0.002 3.294 0.032 0.043 0.996 4.763 0.007 6.518 0.002 1.285 0.309 1.592 0.215 2.163 0.11
T*Zn 4 4.469 0.01 3.771 0.019 3.092 0.039  11.078 <0.001 1191  <0.001 1237 0327 1.012 0425 3.089  0.039




Supplementary Table 2. Two-way ANOVA analyses of the hemocyte immune related biomarkers of M. edulis in response to Zn treatment and
season at 15 °C. Season: summer and winter; Zn treatment: control, 10 ug 1"! nZnO, 100 pg 1"' nZnO, 10 pg I"! Zn**, and 100 pg I"' Zn*". Degrees
of freedom (d.f.) for the error were 20 for all studied traits. F and P values are given. Significant effects are highlighted in bold.

Source F P F P F P F P F P F P F P F P
df Total hemocytes Hemocyte Adhesion Phagocytosis Neutral red Myticin Defensin Mytilin
Season 1 7.2 0.014 0.328 0.573 3.129 0.092 27.576  <0.001 991.618 <0.001 229.312 <0.001 39.042 <0.001 302.447 <0.001
Zn 4 2.188 0.107 32975  <0.001 3.016 0.042  182.662 <0.001 332.032 <0.001 8.683 <0.001 55.572 <0.001 13.095 <0.001
Season *Zn 4 0.265 0.897 0.515 0.725 0.079 0988  45.645 <0.001 29919 <0.001 3.285 0.032 2.73 0.058 4.631 0.008
df TLRb TLRc TNF TGF-B Cl C3q Myd88a Myd88c
Season 1 12.58 0.002 105.382  <0.001 0.444 0.513 250.66 <0.001 37.458  <0.001 0.337 0.568 25.11  <0.001 5.296 0.032
Zn 4 5.595 0.003 3.498 0.025 4.753 0.007 10.823  <0.001  5.837 0.003 3.121 0.038 11.003 <0.001 21.836 <0.001

Season * Zn 4 7.402 0.001 15.174  <0.001  5.451 0.004 7.303 0.001 9.683  <0.001  4.988 0.006 7375  0.001 6.918 0.001




Supplementary Table 3. Factor loadings for the first two principal components of the

hemocyte immune related biomarkers of M. edulis exposed to different combinations

of Zn treatment and temperature in winter experiment.

Traits with high loadings (>0.6 absolute value) are highlighted in bold.

Variable Factor 1 Factor 2
myticin -0.777594 0.104831
defensin -0.700428 -0.638741
mytilin -0.907058 -0.048371
C3q -0.923982 -0.120416
Cl1 -0.902486 0.235919
TLRDb -0.925914 -0.082939
TLRc -0.892925 -0.035642
Myd88a 0.951597 0.163116
Myd88c 0.898893 0.303907
TNF -0.735963 -0.068937
TGF-B -0.892616 0.103405
THC 0.652556 -0.425704
HM 0.868813 -0.228470
AD 0.775229 -0.430053
Pha -0.476323 0.609991
NRU -0.685521 -0.432782




Supplementary Table 4. Discriminant Function Stepwise Analysis of the hemocyte

immune related biomarkers of M. edulis exposed to different combinations of Zn

treatment and temperature in winter experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red. Wilks'

Lambda: < 0.00001, F144.55=9.3949, P< 0.001.

Wilks' Partial F-remove P_value 1-Toler.

Lambda Lambda (2,16) (R-Sqr.)
myticin < 0.00001 0.152169 3.09535 0.113127 0.910858
defensin < 0.00001 0.165958 2.79202 0.135333 0.825207
mytilin < 0.00001 0.226025 1.90238 0.247862 0.851729
C3q < 0.00001 0.058918 8.87377 0.013511 0.993535
Cl < (0.00001 0.039774 13.41215 0.005314 0.987808
TLRb < (0.00001 0.073989 6.95303 0.022963 0.986717
TLRc < 0.00001 0.404938 0.81640 0.627981 0.923372
Myd88a < 0.00001 0.467074 0.63388 0.740005 0.957009
Myd88c < 0.00001 0.576290 0.40847 0.884950 0.910290
TNF < 0.00001 0.348123 1.04031 0.511279 0.854776
TGF-p < 0.00001 0.097049 5.16895 0.042592 0.945328
THC < 0.00001 0.155495 3.01726 0.118334 0.886754
HM < (0.00001 0.054389 9.65898 0.011193 0.913739
AD < 0.00001 0.693165 0.24592 0.967023 0.388615
Pha < 0.00001 0.007286 75.69109 0.000083 0.787703
NRU < 0.00001 0.076795 6.67869 0.025019 0.797043




Supplementary Table 5. Factor loadings for the first two principal components of the

hemocyte immune related biomarkers of M. edulis exposed to different combinations

of Zn treatment and temperature in summer experiment.

Traits with high loadings (>0.6 absolute value) are highlighted in bold.

Variable Factor 1 Factor 2
myticin 0.822661 -0.388978
defensin 0.813485 0.048489
mytilin 0.798346 -0.387835
C3q 0.449974 -0.591043
Cl1 0.191503 -0.254088
TLRDb 0.599250 -0.641294
TLRc -0.088354 -0.512388
Myd88a 0.605434 -0.307367
Myd88c 0.321042 0.374773
TNF 0.304007 -0.373353
TGF-B 0.314540 -0.579497
THC -0.373946 -0.457358
HM 0.819825 0.394540
AD -0.557151 -0.424172
Pha -0.761862 -0.566196
NRU 0.725308 0.611041




Supplementary Table 6. Discriminant Function Stepwise Analysis of the hemocyte

immune related biomarkers of M. edulis exposed to different combinations of Zn

treatment and temperature in summer experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red. Wilks'

Lambda: < 0.00001, Fi144.55=6.0721, P< 0.001.

Wilks' Partial F-remove P_value 1-Toler.

Lambda Lambda (2,16) (R-Sqr.)
myticin < 0.00001 0.206398 2.13611 0.208715 0.975610
defensin < 0.00001 0.060014 8.70162 0.014108 0.916832
mytilin < 0.00001 0.244716 1.71465 0.286696 0.955701
C3q < 0.00001 0.191106 2.35149 0.179674 0.920898
Cl < (0.00001 0.093935 5.35870 0.039581 0.739575
TLRb < 0.00001 0.339511 1.08078 0.492778 0.799669
TLRc < 0.00001 0.108750 4.55301 0.054888 0.925041
Myd88a < 0.00001 0.637287 0.31620 0.936247 0.692463
Myd88c < 0.00001 0.143129 3.32596 0.099474 0.894294
TNF < 0.00001 0.530708 0.49126 0.832945 0.761359
TGF-p < 0.00001 0.329647 1.12975 0.471416 0.468691
THC < 0.00001 0.114818 4.28303 0.061862 0.914436
HM < 0.00001 0.047123 11.23386 0.007968 0.919353
AD < 0.00001 0.237450 1.78412 0.271446 0.825325
Pha < 0.00001 0.200995 2.20847 0.198293 0.731853
NRU < 0.00001 0.123846 3.93029 0.072969 0.710302




Supplementary Table 7. A summary table indicating changes in the studied immune-related biomarkers in M. edulis.

Changes in a trait compared to the respective control (not exposed to nZnO or dissolved Zn at the same respective acclimation temperature) are
indicated as follows: upward arrow (1) and orange color — increase, downward arrow (]) and blue color — decrease, tilde (~) — no significant
change. W10 and W15 — winter mussels acclimated at 10 and 15 °C, respectively; S15 and S20 - summer mussels acclimated at 15 and 20 °C,

respectively.

A. Functional traits of the hemocytes.

Source Total hemocytes count Hemocyte mortality Adhesion capacity Phagocytosis Neutral red uptake
W10 W15 S15 S20 | W10 W15 S15 S20 | W10 W15 S15 S20 | W10 WI5 S15 S20 | W10 W15 S15 S20

10 pg I'' nZnO | ~ ~ ~ o~

100 pg 1'' nZnO | ~ ~ ~ o~

10 pg I'' Zn?* ~ ~ ~ o~

100 pg I'' Zn?* | ~ ~ ~ o~




B. mRNA expression of immune-related genes

Source

10 pg I'' n”ZnO
100 pg I'!
nZnO

10 pgI'' Zn?*
100 pg I'' Zn?*

Source

Mytilin

myticin

defensin

TLRc

wl  S1

W1

S1

10 pg I'' n”ZnO
100 pg 1!
nZnO

10 pg I'' Zn?*

100 pg I'' Zn?*
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HIGHLIGHTS

GRAPHICAL ABSTRACT

Interactive effects of salinity stress and
nZnO were investigated in the blue
mussels.
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Zn0 nanoparticles (nZnO) are released into the coastal environment from multiple sources, yet their toxicity to
marine organisms is not well understood. We investigated the interactive effects of salinity (normal 15, low 5,
and fluctuating 5-15) and nZnO (100 ug 1~ ') on innate immunity of the blue mussels Mytilus edulis from a brack-
ish area of the Baltic Sea. Exposure to ionic Zn (100 ug 1) was used to test whether the toxic effects of nZnO can
be attributed to the potential release of Zn?>*. Functional parameters and the expression of key immune-related
genes were investigated in the mussels exposed to nZnO or ionic Zn under different salinity regimes for 21 days.
nZnO exposures elevated hemocyte mortality, suppressed adhesion, stimulated phagocytosis, and led to an ap-
parent increase in lysosomal volume. At salinity 15, nZnO suppressed the mRNA expression of the Toll-like recep-
tors TLRb and c, C-lectin, and the complement system component C3q indicating impaired ability for pathogen
recognition. In contrast, the mRNA levels of an antimicrobial peptide defensin increased during nZnO exposure
at salinity 15. At fluctuating salinity (5-15), nZnO exposure increased expression of multiple immune-related
genes in hemocytes including the complement system components C1 and C3q, and the Toll-like receptors
TLRa, b and c. Low salinity (5) had strong immunosuppressive effects on the functional and molecular immune
traits of M. edulis that overshadowed the effects of nZnO. The salinity-dependent modulation of immune re-
sponse to nZnO cannot be attributed to the differences in the aggregation or solubility of nZnO, and likely reflects
the interaction of the toxic effects of nanoparticles and physiological effects of the osmotic stress. These findings

* Corresponding author at: Department of Marine Biology, Institute for Biological Sciences, University of Rostock, Rostock, Germany.
E-mail address: inna.sokolova@uni-rostock.de (L.M. Sokolova).

! These authors contributed equally to the work.

https://doi.org/10.1016/j.scitotenv.2019.136473
0048-9697/© 2018 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.136473&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.136473
mailto:inna.sokolova@uni-rostock.de
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.136473
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv

2 F. Wu et al. / Science of the Total Environment 712 (2020) 136473

have implications for the environmental risk assessment of nanomaterials and the development of the context-
specific biomarker baselines for coastal pollution monitoring.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Engineered nanomaterials (i.e. materials containing particles with
one or more dimensions <100 nm) including ZnO nanoparticles
(nZnO) are increasingly used in industrial applications, energy produc-
tion, medicine, and personal care products (Williams et al., 2019). A
broad use of ZnO nanoparticles as antimicrobials, UV screens, catalysts,
and antifouling agents results in the massive release of nZnO into the
environment and raises concerns about its environmental and human
health hazards (Bondarenko et al., 2013; Sathe et al., 2017; Williams
et al.,, 2019). Quantification of nZnO in the marine environment is com-
plicated by the lack of the analytical approaches to measure nZnO in
complex environmental matrices such as the sea water or sediment,
but the modeling-based estimates predict the levels from hundreds
nanograms per liter up to 900 pg I~' nZnO in the surface waters and
>100 pg kg~ ! in the sediment (Coll et al., 2016; Yung et al., 2014).
nZnO is recognized as an ecotoxic agent by the European Chemicals
Agency (ECHA) based on extrapolations from the toxicity of dissolved
Zn and bulk ZnO (Munn et al., 2010). The toxic mechanisms of nZnO
are not yet fully understood, but there is increasing evidence that
nZnO toxicity is different from that of ionic Zn or the bulk ZnO
(Falfushynska et al., 2017; Falfushynska et al., 2015; Falfushynska
et al., 2019a; Shaw and Handy, 2011; Yung et al.,, 2014). Therefore, un-
derstanding of the sublethal effects of nanoparticulate pollutants
(such as nZnO) on keystone marine organisms is essential for the as-
sessment of the unintended impacts of nanotechnologies on coastal
ecosystems.

Recent studies in marine organisms show that nZnO exposure can
influence growth and metabolism (Fabrega et al., 2012; Hanna et al.,
2013), stimulate antioxidant and detoxification mechanisms (Buffet
et al., 2012), impair feeding and locomotion (Buffet et al., 2012) and
negatively affect reproduction (Fabrega et al., 2012). However, the po-
tential immunotoxicity of nZnO in marine organisms remains
underexplored. This is an important gap in our knowledge, because
studies in humans and mammalian models show that the innate im-
mune system is a key target for nZnO toxicity (Ignacio et al., 2014;
Roy et al., 2014; Zhang et al.,, 2017). In marine invertebrates (including
bivalves), the multifunctional macrophage-like cells called hemocytes
play a central role in the immune response (Allam and Raftos, 2015;
Mydlarz et al., 2006; Zheng et al., 2005). Hemocytes participate in the
destruction of the pathogens through phagocytosis, oxidative burst
and apoptosis, and produce the opsonizing molecules and antimicrobial
peptides (Allam and Raftos, 2015; Hughes et al., 2010; Sokolova, 2009).
ZnO nanoparticles are acutely cytotoxic to bivalve hemocytes during
in vitro exposures (Katsumiti et al., 2016). Furthermore, in vivo expo-
sures of the thick shelled mussels Mytilus coruscus to high concentra-
tions of nZnO (2.5-10 mg 1™ 1) negatively affect hemocyte survival,
phagocytosis and lysosomal abundance, and increase the baseline pro-
duction of reactive oxygen species (ROS) (Wu et al.,, 2018). In the carpet
clams Ruditapes philippinarum, nZnO exposure induced DNA damage in
circulating hemocytes and led to hemocyte proliferation (Katsumiti
et al.,, 2016; Marisa et al., 2016). Other metal-containing nanoparticles
(such as nano-TiO,) can also have negative impacts on the immune pa-
rameters including suppression of phagocytosis and viability of bivalve
hemocytes (Huang et al., 2016; Marisa et al., 2015; Wang et al., 2014).
Given the high likelihood of nanoparticle exposures in coastal environ-
ments, it is essential to assess the impacts of environmentally relevant
levels of emerging nanoparticle pollutants on the innate immune de-
fense of keystone marine organisms such as marine bivalves.

The aim of our present study was to investigate the effects of expo-
sure to waterborne nZnO (100 pg 1=! Zn) on the immune parameters
of the blue mussels M. edulis acclimated to different salinity regimes.
The blue mussels (Mytilus spp.) are economically and ecologically im-
portant species in temperate to subarctic coastal ecosystems (Kijewski
et al., 2011; Mathiesen et al., 2017) and common sentinel organisms
for environmental monitoring and ecosystem health assessment
(Beyer et al., 2017; Bricker et al., 2014). Salinity is an important environ-
mental factor in shallow marine habitats, including estuaries, coastal la-
goons, and semi-enclosed seas (such as the Baltic Sea) where salinity
can fluctuate due to freshwater run-off, precipitation, and evaporation
(McLusky and Elliott, 2004; Pierce et al., 2012). Salinity can affect stabil-
ity, aggregation, and bioavailability of the nanoparticles (Yung et al.,
2017), thus potentially modulating the toxic impacts of nZnO. Further-
more, salinity variation strongly affects physiology, metabolism, and os-
motic balance of marine bivalves (Berger and Kharazova, 1997) and can
affect their immune functions and host-pathogen interactions (Casas
et al., 2004; Corporeau and Auffret, 2003; Malagoli et al., 2007). This cre-
ates a physiological basis for potential interactions between salinity and
nZnO-induced stress on the immunity of bivalves in coastal environ-
ments with variable salinities.

We hypothesized that exposure to nZnO will negatively affect the
immune-related functions and suppress expression of immune-
related genes in hemocytes of the mussels, and that the immunotoxic
effects of nZnO might be exacerbated by osmotic stress due to the low
or variable salinity. To test these hypotheses, we acclimated the blue
mussels M. edulis for 21 days under the control (salinity 15), low (salin-
ity 5) and fluctuating (15-5) salinity regimes in the presence or absence
of nZnO and determined the functional traits (mortality, phagocytosis
and adhesion capacity) as well as the mRNA expression of key
immune-related genes in mussel hemocytes including the complement
systems, recognition factors (Toll-like receptors and the membrane-
bound C-lectin), MYD88 innate immune signal transduction adaptors,
and antimicrobial peptides myticin, mytilin and defensin. This study
provides new insights into the potential mechanisms of nZnO-induced
immunomodulation in the mussels and demonstrates the important
role of the salinity regime in determining the cellular immune response
to nanoparticle pollutants.

2. Materials and methods
2.1. Animal collection and maintenance

Mussels were collected near Warnemiinde, Germany (54°10’
49.602"N, 12°05'21.991"E). The Baltic populations of Mytilus represent
M. edulis x M. trossulus hybrids, and the population at the study site
has ~70% nuclear and 100% mitochondrial genetic background of
M. edulis (Stuckas et al., 2017). Therefore, we designated the experi-
mental animals M. edulis. The mussels were transported to the Univer-
sity of Rostock within 2 h of collection in a cooler lined with the
seawater-soaked paper towels. The shells were cleaned from epibionts,
and the mussels were kept in aerated, temperature-controlled
recirculated aquaria with a multi-step filtration system including UV-
water treatment, protein skimmer, and a moving bed biofilter. Mussels
were maintained for a week at salinity 15 (practical salinity scale) and
temperature 10 °C. These conditions were close to the salinity (12)
and temperature (7 °C) in the mussels' habitat at the time of collection.
Therefore, salinity 15 was considered normal (control) salinity in this
study.
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After the preliminary acclimation, the mussels were randomly
assigned to one of the nine experimental groups and exposed for
21 days to the different combinations of salinity and Zn exposure re-
gimes. The duration of experimental exposures (21 days) was chosen
because in temperate marine bivalves, 2-3 weeks are required to
reach a new physiological steady-state after an environmental shift
(Khlebovich, 1981; Khlebovich, 2017; Thompson et al., 2012). Experi-
mental exposures followed a full factorial design with three salinity re-
gimes (normal salinity 15, fluctuating salinity 5-15, or low salinity
5) and three levels of Zn exposure (no Zn addition as a control, nZnO
or ionic Zn at the nominal concentrations of 100 ug I~! Zn). In the fluc-
tuating salinity, the square salinity wave was applied as follows: 22 h at
salinity 15, 2 h at salinity 10, 22 h at salinity 5, and 2 h at salinity 10, re-
peated for three weeks. lonic Zn treatments were included to test
whether the observed effects of nZnO can be ascribed to the release of
Zn*™. Each of the nine experimental treatment groups was randomly
subdivided and placed into five replicate tanks per treatment, each
tank containing 12 mussels in 1 1 of seawater. Experimental seawater
was prepared with the Instant Ocean® sea salt dissolved in distilled
water and supplemented with 10% of the filtered natural Baltic seawater
(salinity 9-12) to achieve the target salinities.

A static renewal design was used with the water change and nZnO or
ZnS0,4 additions (depending on the treatment) every two days. Com-
mercial ZnO nanoparticles (nZnO) (average particle size 30 nm) were
purchased from Sigma-Aldrich Sweden AB (Stockholm, Sweden). The
suspensions of nanoparticles (10 pg ml~") had the following character-
istics in the exposure media: at salinity 5, the hydrodynamic size with a
major peak at 854 4+ 172 nm, a minor peak 188 nm + 28 nm, and zeta-
potential of 2.9 mV; at salinity 15, the hydrodynamic size with a major
peak at 817 + 174 nm, and a minor peak at 211 + 24 nm, zeta-
potential —9.6 mV (Supplementary Fig. 1). Suspensions of nZnO were
added to experimental water to achieve the nominal concentration of
100 pg 1! Zn during every water change and maintained in suspension
by vigorous aeration. For ionic Zn exposures, 100 pg 1 ~! Zn?* (as ZnS0,)
were added during every water change

Mussels were exposed for 21 days to different conditions in 12: 12
light: dark period. All exposures were conducted at 10 4 1 °C. During
preliminary acclimation and experimental exposures, mussels were
fed before every water change with a commercial blend of live algae
containing Nannochloropsis oculata, Phaeodactylum sp. and Chlorella sp.
(Premium Reef Blend, CoralSands, Wiesbaden, Germany) per manufac-
turer's instructions. No mortality of the mussels occurred during the ex-
perimental exposures except for the mussels under low salinity
condition where 5% (three out of 60) mussels died after 21 days.

2.2. Zn concentrations in the seawater and mussels' body

Water samples (14.5 ml) were collected from experimental tanks
before each water change and stored at 44 °C. Prior to analysis, the sea-
water samples were acidified with trace-metal grade HNO3 to ensure
dissolution of nZnO. Whole soft body of the mussels was homogenized
under the liquid nitrogen, and 200-300 mg of the soft tissue powder
was dried out in an incubator at 70 °C. The dry tissue was digested
with 1 ml of 30% hydrogen peroxide, incubated at 70 °C overnight to
evaporate hydrogen peroxide, and digested in 1 ml of 65% HNO3
(trace metal grade) at 70 °C for 24 h. The digested tissue samples
were filtered through 0.45 pum filters and stored at 44 °C until further
analysis.

Zn concentration in seawater samples was measured using quadru-
pole inductively coupled plasma mass spectrometry (ICP-MS) (iCAP Q;
Thermo Fisher Scientific) coupled to a seaFAST matrix removal and
preconcentration module (Elemental Scientific), with the latter using
a chelating resin (Dellwig et al., 2019; Lagerstrom et al., 2013; Sohrin
et al., 2008). Helium served as a collision gas to avoid polyatomic inter-
ferences and indium was used as an internal standard to compensate for
instrumental fluctuations. The seawater samples were diluted ten times

with 2 vol% HNOj3 (sub-boiled) and measured against an external cali-
bration ranging from 0.01 to 10 ug Zn 1™, Precision and trueness were
checked with the international seawater reference material NASS-7
(NRCC) and were 7.4% and 2.4%, respectively.

Zn concentrations in the acid digestions of the mussel soft tissues
were measured by inductively coupled plasma - optical emission spec-
trometry (ICP-OES) (iCAP 7400 Duo, Thermo Fisher Scientific; Zn wave-
lengths 202.5 nm, 206.2 nm, 213.8 nm) in axial mode using external
calibration (0.005-2 mg 1™") and scandium (227.3 nm) as an internal
standard. The final dilution factor (2 vol% HNOs) of the original acid di-
gestions for ICP-OES measurement was 12.5. Precision and trueness
were checked with the international reference material SGR-1b
(USGS) and were 1.1% and 5.0%, respectively.

2.3. Hemolymph collection

After 21 days of experimental exposures, mussels were dissected on
ice, and hemolymph was collected from the posterior adductor muscle
using a 1.0 ml plastic syringe with a 21 gauge needle. All samples
were mixed with 1 ml ice cold filtered artificial seawater (ASW) and
stored on ice to prevent aggregation of hemocytes. Each biological rep-
licate represented pooled hemolymph from six mussels (0.6-1.0 ml per
mussel) to reduce individual variation. For the functional traits analysis,
the freshly collected hemocytes were used immediately. For mRNA ex-
pression analyses, hemolymph samples were centrifuged for 10 min at
1000 xg. The hemocyte pellet was washed once with ice-cold filtered
ASW and stored at —80 °C until RNA extraction. A total of three biolog-
ical replicates was used to assess abundance, mortality, and functional
traits of hemocytes, and a total of six replicates was used for gene ex-
pression analyses.

2.4. Hemocyte count and mortality

Total hemocytes count was determined using a Brightline hemocy-
tometer (Sigma Aldrich, St. Louis, MO, USA). Hemocyte mortality was
determined using Trypan Blue exclusion assay. Briefly, hemolymph
and 0.4% Trypan Blue solution were mixed (8:2 v/v) and incubated for
3 min. Unstained (live) and blue-stained (dead) cells were counted
using a Brightline hemocytometer. Hemocyte mortality was evaluated
as the percentage of the blue-stained hemocytes relative to the total he-
mocyte count.

2.5. Adhesion capacity

Hemocytes (10° cells) were placed in 1 ml of filtered ASW in the
wells of a 12-well plate (Costar, Corning) and incubated for 2 h at
room temperature. After the incubation, the ASW was collected and
the wells were surface-washed with 1 ml of ice cold ASW to collect
the non-adhered hemocytes. The samples were centrifuged for 10 min
at 1000 xg, resuspended in 1 ml of ice cold ASW, and the non-
adhered hemocytes were counted using a BrightLine hemocytometer.
The adhesion capacity was expressed as the percentage of adhered he-
mocytes in the total hemocyte population in each sample.

2.6. Phagocytosis

Phagocytosis assay was performed using a modified procedure de-
scribed elsewhere (Coles et al., 1995). Suspension of Neutral Red-
stained, heat-stabilized zymosan (Sigma Aldrich, St. Louis, MO, USA)
was added to hemocytes at the final concentration of 200 zymosan par-
ticles per hemocyte. Hemocytes were incubated for 30 min at room
temperature, centrifuged 10 min at 1000 xg, resuspended in 2 ml ice
cold ASW to remove free and surface-attached zymosan, and centri-
fuged again for 10 min at 1000 xg to collect the hemocytes. The hemo-
cyte pellet was resuspended in 0.1 ml acetic acid (1% in 50% ethanol)
and incubated for 5 min to extract Neutral Red from the engulfed
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zymosan particles. The Neutral Red dye was also extracted from the cell-
free suspensions with the known amounts of the zymosan particles and
used as standards for calibration. The optical densities of the sample and
standard extracts were read at 550 nm using a 96-well plate on a
SpectraMax iD3 Multi-Mode Microplate Reader (Molecular devices,
USA). Results were expressed as the number of ingested zymosan parti-
cles per cell.

2.7. Neutral red uptake assay

Hemolymph samples were centrifuged for 10 min at 600 xg, 4°C and
resuspended in 2 ml of HEPES-buffer containing 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 436 mM
NaCl, 53 mM MgSO,4, 10 mM KCl, 10 mM CaCl,, pH 7.3 (Marchi et al.,
2004). Hemocytes were washed by centrifugation-resuspension three
times and resuspended in 0.2 ml HEPES-buffer at the concentration of
107 cells ml~'. Hemocyte suspension (1 ml containing 10 cells) was
added to 0.5 ml of physiological saline with 0.004% w/v Neutral Red, in-
cubated for 2 h and centrifuged 10 min at 600 xg. Hemocytes were
washed twice to remove the free dye, and resuspended in 1 ml
HEPES-buffer. The dye was extracted from the cell suspension with
0.2 ml an acetic acid-ethanol mixture (1:1 v/v). Absorbance was mea-
sured at 550 nm using a 96-well plate on a SpectraMax iD3 Multi-
Mode Microplate Reader (Molecular Devices, USA). The Neutral Red Up-
take (NRU) of hemocytes was expressed as absorbance units (AU) per
10° hemocytes.

2.8. mRNA expression of target genes

Total RNA was extracted from the hemocytes using TRIzol reagent
(Thermo Fisher Scientific, Berlin, Germany) according to the manufac-
turer's protocol. RNA samples were purified from possible DNA contam-
ination with TURBO DNA-free Kit (Thermo Fisher Scientific, Berlin,
Germany). cDNA was synthesized from 1.5pg of total RNA using High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Ber-
lin, Germany) following the manufacturer's instructions. qRT-PCR was
performed using StepOnePlus™ Real-Time PCR System Thermal Cycling
Block (Applied Biosystems, Thermo Fisher Scientific, Berlin, Germany)
and Biozym Blue S'Green qPCR Mix Separate ROX kit (Biozym Scientific
GmbH, Hessisch Oldendorf, Germany). Reaction mixture containing
10 pl of 2x qPCR S'Green BlueMix and ROX additive mixture, 1.6 pl of
each forward and reverse primer (to the final concentration of 0.4 uM)
(Table), 4.8 ul PCR grade water and 2 pl of cDNA were added to the
wells of 96 well PCR plates, sealed (RT-PCR Seal foil, Roth, Karlsruhe,
Germany) and briefly spun to eliminate air bubbles. The cycling

Table 1
Primer sequences for the target and housekeeping genes used for qPCR.

parameters were as follows: 95 °C for 10 min to activate the polymerase
followed by 40 cycles of 15s at 95 °C and 60 s at 60 °C. Signal readout
was conducted at the primer-specific reading temperature (Table 1) se-
lected so as to melt the primer dimers but not the amplification product.
Following amplification, a melt curve analysis was performed to ensure
that a single PCR product was amplified. In each run, serial dilutions of a
cDNA standard were amplified to determine amplification efficiency
(Pfaffl, 2001). In a pilot analysis, we tested three housekeeping genes
(the eukaryotic elongation factor 1 (eEF1), tubulin and 3-actin) and
chose eEF1 that showed the least variation among and within the exper-
imental groups for normalization of the target gene expression. The ap-
parent amplification efficiency was calculated for each primer pair, and
the expression of the target genes was normalized against the expres-
sion of the eukaryotic elongation factor eEF1 as described elsewhere
(Pfaffl, 2001).

2.9. Statistics

Data were tested for the normality and homogeneity of variances
using Kolmogorov-Smirnov and Levine test, respectively. Outliers de-
tected by box-and-whiskers plots were removed from the subsequent
analysis. Not-normally distributed data were subjected to Box-Cox
transformation. The effects of salinity regime, Zn treatment and their in-
teraction on the studied traits were tested using factorial ANOVA with
salinity and Zn exposure as fixed factors (Supplementary Table 1). The
factor “Salinity regime” had three levels (normal salinity NS, fluctuating
salinity FS and low salinity LS). The factor “Zn treatment” had three
levels (control - no Zn addition, 100 pg 1! nZnO, or 100 ug 1~ ionic
Zn). Tukey's Honest Significant Differences (HSD) test was used to as-
sess the differences between the pairs of means of interest.

Normalized, Box-Cox transformed data were subjected to the princi-
pal component analysis (PCA) with NIPALS algorithm to reduce the di-
mensionality of the data set and identify the patterns of biomarker
responses among different experimental conditions. The integrated bio-
marker response (IBR) index was calculated using CALculate IBR Inter-
face (Calibri, https://liec-univ-lorraine.shinyapps.io/calibri/) for each
treatment group as described elsewhere (Devin et al., 2014). Because
IBR software accepts a maximum of eight traits, we calculated the IBR
for mRNA expression of the eight target genes with the highest variabil-
ity among the treatment groups. All other statistical analyses were con-
ducted using IBM® SPSS® Statistics ver. 22.0.0.0 (IBM Corp., Armonk,
NY, USA) and GraphPad Prism ver. 7.02 (GraphPad Software Inc., La
Jolla, CA, USA) software. The results are expressed as the means 4+ the
standard error (SE) unless noted otherwise. The effects were considered
significant if the probability of the Type I error (P) was <0.05.

Abbreviations: C1 - C1 complement domain-containing protein; C3q - complement component C3-like protein; C-lectin - membrane-bound C-type lectin, TLR - Toll-like receptors, MyD88
- myeloid differentiation primary response gene 88, HSP70-70 kDa heat shock protein; JNK - c-Jun N-terminal kinase; eEF1 - eukaryotic elongation factor 1c.. NCBI accession numbers of
the sequences used for primer design are given. Because M. edulis does not yet have a completely sequenced genome assembly, we used homologous sequences from either

M. galloprovincialis or M. edulis to generate primers.

Gene Forward primer (3’-5") Reverse primer (3'-5') NCBI accession # Tread

C1 GGCATTAACATCAGGCAGCG TACGTCCCTTTACGTGGAGC HQ664950 76 °C
C3q TGATTTGTCCGGGGAAGTGG GCAGACCTGCCTGTTCTTCT KP125947 79 °C
C-lectin ACTGGACGGTAGCTGGTTTG TGTAGCGCCGGATAAAGCAT KP125930 74 °C
Defensin CAGCAAATTGCAAGGGAGGT TGGCGCCAATCCAACTAGA JN935272 79 °C
Myticin CAGAGGCAAGTTGTGCTTCC GGAATGCTCACTGGAACAACG AF177540 77 °C
Mytilin B GGCGTTGCTACTGCAAATGT TGTTCGGTTTCTCCTGTGGG AF162336 78 °C
TLRa ACCCCAAACATTACGACGCT CTATGCAGGCCCCAGGTATG KC344669 72 °C
TLRb TGATTGGCCGTTAGAGGAGC CATACACACGTGTCTCGCCT JX173687 77 °C
TLRc ATCCCGAGAAGTATGCGTGC CAAAAGGGGGACAGCGATCA JX173688 76 °C
MyD88a AGGATTCGAGGACAGCGAAG GGCCAAACCCATTCTCGTTG JX112712.1 74 °C
Myd88c TCTTGCTGGAGGGGCAAAAT GCACCTGGCGCTAATGATTG KC357782.1 75 °C
HSP70 GGAGAGAAAGTCCAAGGGAGG TTCGCTCCTTTCTGTGGGAG AF172607 75 °C
JNK CCTTTTATGGCAGCAGCGTG AAAATCCAGTGCCCGATGGT MH603332.1 76 °C
eEF1 GACAGCAAAAACGACCCACC TTCTCCAGGGTGGTTCAGGA AF063420 77 °C
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3. Results
3.1. Zn concentrations in seawater and the sift body of mussels

The total Zn concentration in the seawater was 3.7 & 0.5, 88.1 & 3.6,
and 80.2 & 2.2 ug 1™ in the control, Zn?>*, and nZnO exposures, respec-
tively (N = 12). Free Zn?>* concentration of the nZnO exposed water
(determined in the samples filtered through 0.2 pm filters prior to the
acid dissolution of nZnO) was not significantly different from the con-
trol (P> 0.05) indicating a minimal release of Zn?>* from nZnO.

Zn content of the soft tissues of the mussels was not affected by the
acclimation salinity or nZnO exposure, whereas exposure to ionic Zn led
to accumulation of Zn in the soft body (Fig. 1A).

3.2. Hemocyte abundance and viability

Hemocyte abundance decreased in the mussels exposed to low but
not the fluctuating salinity regime (Fig. 1B). Within the low salinity-
acclimated group, the hemocyte abundance was further decreased by
exposure to nZnO (Fig. 1B). Exposure to nZnO or ionic Zn had no effect
on the hemocyte count in the mussels acclimated to the normal or fluc-
tuating salinity (Fig. 1B).

Mortality of the hemocytes was significantly elevated (P < 0.05) in
the mussels exposed to nZnO, regardless of the acclimation salinity, as
well as in all groups of the mussels maintained under the low salinity re-
gime (Fig. 1C). Exposure to ionic Zn had no effect on the hemocyte via-
bility within the respective salinity groups (Fig. 1C).

3.3. Hemocyte functions

Adhesion capacity of the hemocytes was suppressed in the mussels
exposed to nZnO in all acclimation salinity regimes, as well as in all
groups of the mussels maintained under the constant low salinity
(Fig. 1D). Exposure to ionic Zn had no effect on the hemocyte adhesion
capacity, regardless of the salinity exposure (Fig. 1D).

Exposure to nZnO and ionic Zn significantly increased phagocytosis
rates in the mussel hemocytes (P < 0.05) except for ionic Zn-exposed
group at low salinity (Fig. 1E). The stimulating effects of nZnO on phago-
cytosis were stronger than those of ionic Zn (Fig. 1E). Exposure to the
fluctuating and low salinity led to a significant increase in the phagocy-
tosis rate of the mussel hemocytes, with a stronger effect of the constant
low salinity than the fluctuating salinity regime (Fig. 1E).

NRU increased in response to nZnO and ionic Zn exposures under all
salinity regimes (Fig. 1F). An increase in NRU was stronger in the hemo-
cytes of the mussels exposed to nZnO compared with those exposed to
ionic Zn (Fig. 1F). Acclimation at the fluctuating or low salinity also led
to a modest but significant increase in the NRU of the hemocytes
(Fig. 1F).

3.4. Immune gene expression: normal salinity

At salinity 15, exposure to nZnO and ionic Zn suppressed expression
of C3q (by ~1.7-fold), TLRb (by ~3.4-3.6-fold), TLRc (by ~2-fold), and C-
lectin (by ~79-fold in the nZnO group and by ~1.8-fold in the ionic Zn-
exposed group) in M. edulis hemocytes (Figs. 2B, D, E and 3B). Transcript
levels of C1 decreased by ~1.8-fold in the nZnO-exposed mussels under
the normal salinity regime but not in their counterparts exposed to ionic
Zn (Fig. 2A). Expression of MyD88a and MyD88c was suppressed by
~1.6-fold in the hemocytes of the mussels exposed to ionic Zn (but not
nZnO) at the normal salinity (Fig. 3A). Defensin mRNA levels increased
by ~3.3-fold in nZnO-exposed mussels (but not in those exposed to ionic
Zn) at salinity 15 (Fig. 3E). The mRNA levels of TLRa, myticin and mytilin
were not affected by nZnO or ionic Zn exposure at salinity 15 (Figs. 2C
and 3C, D).

3.5. Immune gene expression: fluctuating salinity

Acclimation at the fluctuating salinity (5-15) in clean ASW (without
addition of nZnO or ionic Zn) led to transcriptional downregulation of
TLRb by ~2.6-fold and C-lectin by ~12.2-fold (Fig. 2D and F), as well as
a modest but significant decrease (by ~1.3-1.6-fold) in mRNA levels of
C3q, TLRc and MyD88c (Figs. 2B, E and 3B). The mRNA expression of
the C1q, TLRa, MyD88a, myticin, mytilin and defensin were not affected
by acclimation at the fluctuating salinity (Figs. 2A, C and 3A, C, D, E).

Exposure to nZnO at the fluctuating salinity upregulated the tran-
script levels of C1q (by ~4.0-fold), C3q (by ~2.1-fold), TLRa, TLRb, and
TLRc (by ~1.9, 2.0 and 3.7-fold, respectively) in the mussel hemocytes
(Fig. 2A-E). The mRNA levels of C-lectin and defensin decreased by
~6.0-fold in the hemocytes of the mussels exposed to nZnO at the fluc-
tuating salinity (Figs. 2F and 3E). Exposure to nZnO had no effect on the
hemocyte mRNA levels of MyD88a, MyD88c, myticin, and mytilin at the
fluctuating salinity (Fig. 3A-D). Exposure to ionic Zn at the fluctuating
salinity had no effect on mRNA levels of most of the studied immune-
related genes except for C-lectin that increased by ~7.8-fold (Fig. 2F),
and mytilin and defensin that decreased by ~1.5 and 1.9-fold, respec-
tively (Fig. 3C E).

3.6. Immune gene expression: low salinity

Acclimation at the low salinity (5) without addition of nZnO or ionic
Zn resulted in suppression of the transcript levels of the most studied
immune-related genes in the mussel hemocytes including the comple-
ment systems C1q and C3q (by ~3.7 and 7.5-fold, respectively), TLR
pathway (with ~2.2, 4.2 and 30.0-fold decrease in mRNA of TLRa, b
and c, respectively), MyD88c (by ~2.6-fold), myticin (by ~2.3-fold),
mytilin (by ~2.2-fold), and defensin (by ~1.9-fold) (Figs. 2A-E and 3B-
E). Expression of MyD88a was elevated (by ~2.7-fold) in the hemocytes
of the mussels acclimated to the low salinity (Fig. 3B), whereas the
mRNA levels of C-lectin did not change in response to the low salinity
acclimation (Fig. 2F).

At the low salinity, exposure to nZnO upregulated the mRNA expres-
sion of TLRc and MyD88c (by ~6.4 and 2.0-fold, respectively) (Figs. 2E
and 3B) and downregulated the mRNA levels of C-lectin (by ~24-fold)
and MyD88a (by ~2.0-fold) (Figs. 2F and 3A). The hemocyte transcript
levels of the complement system components (C1q and C3q), TLRa,
TLRc, myticin and mytilin were not affected by nZnO exposures in the
low salinity-acclimated mussels (Figs. 2A, B, C, E and 3C, D). Exposure
to ionic Zn upregulated the transcript levels of Clq (by ~2.4-fold),
TLRb and TLRc (by ~3.0 and 9.6-fold, respectively) and MyD88c (by
~1.9-fold) in the hemocytes of the low salinity-acclimated mussels
(Figs. 2A, D, E and 3B). The mRNA levels of C-lectin and defensin de-
creased by ~3.7 and 8.9-fold, respectively, in the hemocytes of Zn**-
exposed mussels at the low salinity (Figs. 2F and 3E), whereas the levels
of C3q, TLRa, MyD88a, myticin, and mytilin mRNA did not change
(Figs. 2B, 3A, C, D).

3.7. Biomarker profile integration

The principal components analysis (PCA) identified three principal
components (PC) with the eigenvalues >2 jointly explaining 71% of
the variation in the data set (Supplementary Table 2). The first PC
(36% of the variation) had high positive loadings (>0.6) of the comple-
ment system genes (C1q and C3q), mytilin, TLRa, TLRc and HSP70, and
a high negative loading of MyD88a. The PC2 (20% of the variation) had
a high positive loading of myticin and high negative loadings of the
NRU and phagocytosis activity. The PC3 (15% of the variation) had a
high positive loading of defensin mRNA levels and a high negative load-
ing of TLRb.

In the plane of the two 1st PCs, the control and ionic Zn-exposed
groups from the normal or fluctuating salinity grouped closely together,
with elevated expression of myticin, defensin, MyD88c and TLRb as
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associated marker traits (Fig. 5). The nZnO exposed groups acclimated
at the normal and fluctuating salinity separated from the respective
control and ionic Zn-exposed groups along the PC2 axis that correlated
with the elevated phagocytosis rate, high NRU values and HSP70 ex-
pression. All low salinity acclimated groups were grouped together in
the bottom left quadrant of the PC plane, with the elevated expression
of MyD88a as an associated marker (Fig. 5).

Under the normal salinity regime, the integrated biomarker re-
sponse (IBR) values (calculated based on the eight biomarkers with
the largest variation among the experimental groups including C-
lectin, defensin, TLRa, TLRb, TLRc, MyD88a, Cq3 and HSP70) was high
in the control group (median 5.16), and decreased in the nZnO and
ionic Zn exposed groups (medians 3.02 and 1.39, respectively). In the
hemocytes of the mussels from the fluctuating salinity, the IBR values
were low in the control and ionic Zn exposed groups (medians 1.39
and 1.15, respectively) and elevated in the nZnO-exposed group (me-
dian 8.48). In the low salinity acclimated mussels, the IBR was low in
all groups (median of 0.52, 0.17 and 1.08 in the control, nZnO, and
ionic Zn-exposed groups, respectively).

4. Discussion

Our study shows that ambient salinity and ZnO nanoparticles have
strong impacts on the immune-related functions and gene expression
profile in hemocytes of a euryhaline marine bivalve M. edulis. The effects
of nZnO on the mussels' immunity are modulated by salinity and can
range from suppressive to stimulatory, depending on the salinity re-
gime. The immunomodulatory effects of nZnO and ionic Zn in mussels
occurred despite the lack (during the nZnO exposures) or minimal
(ionic Zn exposures) accumulation of Zn in the soft tissues of the mus-
sels. Earlier studies indicate that mussels tightly regulate their tissue
Zn content (Chan, 1988), and that Zn accumulation only occurs during
prolonged exposures to high concentrations of ionic Zn or nZnO
(2200-500 pg 1=') (Chan, 1988; Hanna et al., 2013; Muller et al,,
2014). Our present findings are consistent with this notion and show
that physiological effects of exposure to low concentrations of nZnO
and ionic Zn (100 pg 1) in the mussels are independent of the bioaccu-
mulation of Zn in the mussels' soft bodies.

4.1. Interactive effects of salinity and nZnO on hemocyte abundance, viabil-
ity and functions

The immune system of bivalves relies heavily on circulating hemo-
cytes for immune surveillance. Abundance of the circulating hemocytes
is determined by the balance between hemocyte mortality, hematopoi-
esis, and mobilization of the hemocytes to and from various body com-
partments (Allam and Raftos, 2015; Pila et al., 2016). Our present study
shows that exposure to 100 ug 1~! nZnO significantly increased mortal-
ity of the mussels' hemocytes regardless of the salinity regime. Similarly,
increased hemocyte mortality was found in the Korean mussel
M. coruscus and the green-lipped mussel Perna viridis exposed to
nTiO, (Huang et al., 2016; Wang et al., 2014) and in M. coruscus exposed
to nZnO (Wu et al., 2018). Notably, the blue mussels M. edulis were able
to compensate for the negative effects of nZnO on hemocyte viability at
the normal and fluctuating salinity so that the abundance of circulating
hemocytes remained at the normal level. This might reflect elevated he-
matopoiesis and/or recruitment of the resident hemocytes from the tis-
sues of nZnO-exposed mussels. At the low salinity, however, the
combined osmotic and nZnO stress exceeded this compensatory capac-
ity, and the abundance of the circulating hemocytes decreased. A similar
decline in the hemocyte abundance was found in the mussels
M. coruscus and P. viridis exposed to high concentrations
(2.5-10 mg 171) of TiO, or ZnO nanoparticles (Huang et al., 2016;
Wang et al,, 2014; Wu et al.,, 2018). Elevated hemocyte mortality likely
reflects nZnO-induced apoptosis in the mussels' cells (Falfushynska
et al., 2019b). It is worth noting that even though free metal ions are

toxic to the bivalve hemocytes (Anderson, 1993; Bruneau et al., 2015;
Cheng, 1988; Cherkasov et al., 2007; Foster et al., 2011; Ivanina et al.,
2014; Sheir and Handy, 2010), Zn?" release is unlikely to explain the in-
crease in the hemocyte mortality of nZnO-exposed mussels in our pres-
ent study. Exposure to ionic Zn (100 pg 1) had no effect on the viability
of abundance of the hemocytes (this study) and did not stimulate apo-
ptosis in the mussels' cells (Falfushynska et al., 2019b).

Low salinity and nZnO exposure negatively affected the adhesion ca-
pacity of the mussels' hemocytes, with apparently additive effects of
these two stressors on hemocytes' adhesion. Adhesion plays an impor-
tant role in the innate immunity (Holmblad and Soderhall, 1999;
Ivanina et al., 2018), and suppression of the adhesive capacity by
nZnO might negatively impact the protective functions. The mecha-
nisms of nZnO-induced suppression of the adhesive capacity of the
mussels’ hemocytes are not known but might involve impairment of
the cytoskeleton and/or a decrease in the abundance or function of the
adhesion proteins in the cell membrane. Apoptosis caused by nZnO
(Falfushynska et al., 2015; Li et al,, 2018) may also contribute to the de-
creased adhesion capacity of the mussel hemocytes since apoptotic cells
tend to round up and detach (Elmore, 2007; Palama et al., 2016). Nota-
bly, exposure to ionic Zn (100 pg 17") had no effect on the adhesion ca-
pacity of the mussels' hemocytes. This is consistent with the earlier
reports that showed no effect of dissolved metals such as Cd?™
(50 ug 1-1) and Cu?* (50 ug 1= 1) on the adhesion capacity of hemocytes
of marine bivalves Crassostrea virginica and Mercenaria mercenaria
(Ivanina et al,, 2014; Ivanina et al., 2016).

Phagocytosis is another key defense mechanism in the innate immu-
nity of the bivalves (Canesi et al., 2002). Bivalve hemocytes can effec-
tively clear pathogens by phagocytosis followed by cytotoxic reactions
such as the oxidative burst, release of antimicrobial peptides and lyso-
somal degradation (Canesi et al., 2002; Hegaret et al., 2003). The patho-
gens and foreign materials are internalized inside endocytic vesicles of
hemocytes, which fuse with early endosomes maturing into the lyso-
somes (Cooper, 2000). In vitro studies with bivalve hemocytes showed
that these cells can also phagocytose nanoparticles and their aggregates
(Canesi et al.,, 2012). Our present study demonstrated an increase in the
phagocytic activity in the hemocytes of nZnO-exposed M. edulis associ-
ated with an increase in the lysosomal abundance (indicated by the
higher NRU). Exposure to ionic Zn also had a stimulatory effect on
phagocytosis of the hemocytes albeit weaker than nZnO. This was an
unexpected finding because earlier studies showed suppression of
phagocytosis of the hemocytes exposed to nanoparticles in vivo and
in vitro (Canesi et al., 2015; Huang et al., 2016; Wang et al., 2014; Wu
et al,, 2018). These differences might be attributed to the different con-
centrations and/or types of the nanoparticles used in our present study
(100 pg 17! nZnO) and the earlier published research (that used
2.5-10 mg 1~ ! nTiO, and nZnO, or 5-50 mg 1~ of polystyrene nanopar-
ticles) (Canesi et al., 2015; Huang et al., 2016; Wang et al., 2014; Wu
et al., 2018). Further studies are needed to assess the variability of the
phagocytic responses to nZnO exposure in different species of marine
bivalves across a wide range of nZnO concentrations to resolve this
question.

Neutral Red is a supravital dye, which selectively accumulates in the
lysosomes by the active (ATP-dependent) transport (Repetto et al.,
2008). The uptake of the neutral red occurs only in the live cells
(Repetto et al., 2008) and depends on the total lysosomal volume of
the cells (Winckler, 1974). Typically, exposure to the pollutants leads
to the loss of the cell viability and thus a decrease in the Neutral Red up-
take (Bunderson-Schelvan et al., 2017; Moore et al., 2006; Repetto et al.,
2008; Wang et al., 2018b). In our present study, an opposite trend has
been found with increasing Neutral Red uptake in the hemocytes of
the mussels exposed to nZnO and, to a lesser degree, ionic Zn. This
trend cannot be explained by increased cell viability since the hemocyte
viability decreased during nZnO and ionic Zn exposures of M. edulis. The
most parsimonious explanation is an increase in the lysosomal volume
possibly reflecting lysosomal proliferation or stimulation of autophagy
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by nZnO and ionic Zn. Recent studies show that nanoparticle exposures
can increase the number of lysosomes and lead to lysosomal enlarge-
ment in different cell types (Halamoda Kenzaoui et al., 2012; Huang
etal, 2015; Wang et al., 2018a; Wang et al., 2018c; Zhou et al., 2018).
Future studies are needed to test whether similar lysosomal prolifera-
tion and/or lysosomal enlargement occurs in the hemocytes of
M. edulis exposed to nZnO or ionic Zn. Overall, our study indicates that
the Neutral Red viability assay should be interpreted with caution dur-
ing long-term chronic exposures to the toxicants that can potentially af-
fect lysosomal proliferation, as it does not always correlate with the cell
viability.

4.2. Effects of salinity and nZnO on the immune gene expression profiles

Acclimation salinity strongly modified the molecular responses of
the hemocytes to nZnO and ionic Zn exposures in M. edulis. A possible
explanation of the modulatory effects of salinity immunotoxicity of
nZnO might be the direct effects of salinity on the physicochemical
properties of nZnO such as aggregation, dissolution or sedimentation
(Yung et al.,, 2017; Yung et al., 2015). Generally, lower salinity and
lower ionic strength decreases the aggregation and the rate of sedimen-
tation of nZnO (Bian et al., 2011; Keller et al., 2010; Yung et al., 2017).
However, in salinities 12-32 the change in the aggregate size of nZnO
was modest with the mean aggregate size of ~750 nm at salinity 12
and ~800 nm at salinity 32 (Yung et al., 2017). In the range of salinities
used in our present work (5-15), the changes in the nZnO aggregation
were negligible (Supplementary Fig. 1) and unlikely to explain the
salinity-dependent differences in the hemocyte responses to nZnO.

Environmental salinity may also affect the bioavailability of Zn?>*
added as ZnS0O, or released by dissolution of nZnO in the experimental
exposures. Typically, low salinity increases bioavailability of Zn*>* and
therefore its toxicity for marine organisms (Park et al., 2014; Yung
etal, 2017; Yung et al., 2015). Recent studies showed the significant ef-
fects of salinity on Zn? " release only at the high concentrations of nZnO
(3-50 mg 1~1) but not at the lower nZnO levels (0.5-1 mg 1=!) (Yung
et al,, 2017). In our present study, release of ionic Zn from nZnO was
minimal regardless of the experimental salinity. Therefore, bioavailabil-
ity of free Zn?* is not likely to explain the differences in immune cell re-
sponses to nZnO exposures at different salinities. This conclusion is
supported by the finding that hemocytes' responses to ionic Zn were
not enhanced at low salinity in M. edulis. Taken together, these data in-
dicate that the interactive effects of salinity and Zn exposures on the
molecular responses of the hemocytes are mediated by the effects of sa-
linity on mussels' physiology rather than the direct effects on the phys-
icochemical properties of nZnO or bioavailability of Zn>*.

Expression of immune recognition factors (including Toll-like recep-
tors, the complement system and C-lectin) was suppressed by nZnO ex-
posure in the mussels acclimated at the salinity 15. This suppression
was significant for the Toll-like receptors TLRb and c, the complement
components C1q and C3q and C-lectin. The Toll-like receptors (TLRs)
and C-lectins belong to the transmembrane receptors family of the pat-
tern recognition receptors (PRRs) that recognize the pathogen-
associated molecular pattern of viruses and bacteria (TLRs) or eukary-
otic pathogens such as protists and parasitic helminths (C-lectins)
(Ward and Rosenthal, 2014; Zhang et al., 2015) Furthermore, C-lectins
contribute to the immune memory and immune priming in mollusks
(Wang et al., 2013). It has been proposed that PRRs including the Toll-
like receptors can recognize nanoparticles in bivalves (Kedmi et al.,
2010; Turabekova et al., 2014; Yang et al., 2015). Although the exact
mechanism of this interaction is unknown, PRRs in animals are affected
by nanoparticles and metal stress (Auguste et al., 2019; Lu et al., 2013;
Shi et al., 2017). Thus, the TLRs expression was significantly downregu-
lated in hemocytes of the mussel M. galloprovincialis exposed to nCeO,
(Auguste et al., 2019) and nTiO, (Balbi et al., 2014), in the ark clam
Tegillarca granosa exposed to nTiO, (Shi et al., 2017), as well as in rats
exposed to gold nanoparticles (Yang et al., 2015). These results and

our present findings indicate that different types of nanoparticles
(nZnO, nCe0,, nTiO, and nano-gold) share suppression of PRRs as a
common immunotoxic mechanism and thus might decrease sensitivity
to pathogen challenges, at least under some salinity conditions. Notably,
exposure to ionic Zn at salinity 15 also led to a modest but statistically
significant suppression of mRNA levels for TLRb, TLRc, C3q and C-
lectin in M. edulis. In contrast, the expression of Toll-like receptors was
significantly increased upon exposure to Cu** and Pb?* in M. coruscus
(Xu et al.,, 2018). The difference of in the transcriptional responses of
PRRs to NPs and ionic metals might indicate involvement of different
binding sites for these pollutants. However, the underlying mechanisms
of metal and nanoparticles interactions with PRRs are still not known
and require further investigation.

The complement system represents the next step in the immune
recognition cascade which recognizes and opsonizes foreign and
altered-self particles such as invading microorganisms or dying, in-
fected and damaged host cells (Mayilyan et al., 2008). The complement
system plays an important role in the first line of immune defense
(Ricklin et al., 2016; Volanakis, 1990) and is stimulated by toxic insults
or bacterial PAMPs in marine bivalves (Chen et al., 2018; Dong et al.,
2017; Peng et al., 2017; Peng et al., 2016; Wang et al,, 2017). Therefore,
decreased expression levels of the key immune recognition factors in
nZnO-exposed (and to a lesser degree, ionic Zn-exposed) mussels can
impair their ability to detect a broad range of immune threats including
bacteria, viruses and eukaryotic pathogens and might have negative im-
plications for the downstream steps of the immune cascade. However,
these immunosuppressive effects of nZnO and ionic Zn on the pathogen
recognition were found only in salinity 15. Furthermore, earlier studies
showed an induction of the complement component 3 (C3q) expression
in the gills of M. coruscus after stimulation with Cu> ™ (Chen et al., 2018)
and in the hemocytes M. galloprovincialis exposed to 100 pg L™! nCeO,
(Auguste et al., 2019). This indicates that the complement system re-
sponse to the metal or metal-containing nanoparticles might be
toxicant- and salinity-specific.

Exposure to the fluctuating salinity regime (5-15) had little effect on
the expression of the immune recognition genes in M. edulis except
TLRb and C-lectin that decreased by ~2.6-fold ~12.2-fold, respectively.
However, co-exposure to nZnO (but not the ionic Zn) and fluctuating
salinity strongly upregulated mRNA expression of all studied Toll-like
receptors and the complement components C1q and C3q. The only ex-
ception to this pattern was the expression of C-lectin where nZnO expo-
sure led to a further decline of already suppressed C-lectin mRNA levels
at the fluctuating salinity. The suppressive effects of the fluctuating sa-
linity on C-lectin transcript levels were reversed by exposure to ionic
Zn. These findings indicate that nZnO can antagonize the immunosup-
pressive effects of the fluctuating salinity with regard to the recognition
factors for bacterial and viral pathogens such as the Toll-like receptors
and the complement system. However, the recognition ability for eu-
karyotic pathogens (such as fungi, protists or parasitic helminths) that
critically depends on the function of the membrane-bound lectins
(Llibre et al., 2016; van Die and Cummings, 2017; Vautier et al., 2012)
may be impaired by nZnO.

In M. edulis, acclimation at the low salinity (5) had negative effect on
mRNA expression of all studied immune-related genes except C-lectin
and MyD88c. Combined with a decrease in the hemocyte viability and
abundance, these changes might result in general immunosuppression
in M. edulis under hypoosmotic stress. These findings agree with the
studies in mussels and oysters that showed compromised immune sta-
tus at low salinity including a decrease in hemocyte abundance, viabil-
ity, production of bacteriotoxic reactive oxygen species and lysosomal
activity (Bussell et al., 2008; Gagnaire et al., 2006; Matozzo and Marin,
2011; Wang et al., 2012). The immunosuppression by osmotic stress
has been also found in a marine pipefish Syngnathus typhle exposed to
low salinity (Birrer et al., 2012) and in the freshwater fish Anguilla ja-
ponica and Pangasianodon hypophthalmus exposed to high salinity (Gu
et al., 2018) (Schmitz et al., 2017). In fish, exposure to suboptimal or
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supraoptimal salinity negatively affected expression of the Toll-like re-
ceptors and the complement system C3q (Birrer et al., 2012; Gu et al.,
2018; Schmitz et al., 2017), similar to our present findings in the mus-
sels. IBR and PCA analyses indicate that hypoosmotic stress has a dom-
inant impact on immunity-related biomarkers in M. edulis overriding
the impacts of nZnO and ionic Zn exposures. Thus, grouping of the ex-
perimental treatment groups in the plane of the 1st two principal com-
ponents indicates similarity of the biomarker profiles in all low salinity
acclimated mussels, regardless of the Zn treatment (Fig. 4). Further-
more, [BR values of immune biomarkers were lowest in the mussels ac-
climated to the low salinity (IBR 0.17-1.08) compared with their
counterparts maintained under the normal (IBR 1.39-5.16) or fluctuat-
ing (IBR 1.15-8.48) salinity. The immunosuppressive effects of low sa-
linity might be attributed to the shifts in the osmotic balance in the
mussels' hemolymph (Liu et al., 2008) and/or to suppressed metabolism
under salinity stress (Wang et al., 2012). Immunosuppressory effects of
hypoosmotic stress were not evident in the fluctuating salinity regime
suggesting that 22 h recovery at salinity 15 was sufficient to prevent
the negative immune effects of hypoosmotic stress in M. edulis.

Unlike the immune recognition factors, expression levels of key im-
mune activators, the myeloid differentiation factors 88 MyD88a and
MyD88c (Goldstein, 2004; Guo et al., 2018; Janssens and Beyaert,
2002; Ning et al., 2015) were less sensitive to osmotic and nZnO-
induced stress in the mussels' hemocytes. MyD88s are important adap-
tor molecules in the Toll-like receptors and members of the interleukin-
1 receptor signaling pathway (Muzio et al.,, 2013; Wesche et al., 2013)
that transmit signals culminating in activation of the nuclear factor-«<B
(NF-+B) and induction of the inflammatory cytokines (Kumar et al.,
2009). In mollusks, exposure to viral and bacterial PAMPs typically
leads to the elevated expression of MyD88s, which might decrease sus-
ceptibility to microbial pathogens (Guo et al., 2018; Lee et al., 2011;
Ning et al., 2015; Priyathilaka et al., 2018). Inflammation is a common
response to nanoparticle exposure as shown in the mussels M. edulis
and M. galloprovincialis exposed to nZnO and nano-silver, respectively
(Bouallegui et al., 2017; Falfushynska et al., 2019b) and in nZnO-
exposed mice (Cho et al., 2011). In mammals, MyD88-dependent in-
flammatory signaling pathway is sensitive to nZnO as shown by the

suppressed expression of MyD88 and the intestinal pro-inflammatory
cytokines and chemokines in ZnO-supplemented piglets (Hu et al.,
2014). In the lung epithelial cell culture, nZnO induced MyD88-
dependent pro-inflammatory cytokines, and this effect was stronger
than the effect of ionic Zn (Chang et al., 2013). Our present study
showed a decrease in MyD88a and MyD88c¢ expression in hemocytes
of ionic Zn-exposed mussels at the normal (but not at the low or fluctu-
ating) salinity. Although this change was statistically significant
(P <0.05), it remains unclear whether a small (~1.6-fold) decrease in
the transcript levels of MyD88 factors is biologically meaningful. Expo-
sure to nZnO did not affect the transcript levels of MyD88 factors in
the mussels kept at the normal and fluctuating salinities. At the low sa-
linity, the nZnO-induced changes in the expression levels of MyD88a
and Myd88c) had opposite directions (~2.0-fold decrease and ~1.9-
fold increase, respectively) indicating a possible compensation mecha-
nism. Interestingly, exposure of M. edulis to ZnO nanoparticles
(10-100 ug 1= Zn) led to a strong upregulation of NF-xB mRNA expres-
sion, consistent with the notion that nZnO does not inhibit the inflam-
matory signaling pathways (such as those regulated by MyD88) in the
mussels (Falfushynska et al., 2019b).

Antimicrobial peptides (AMPs) such as defensin, myticin and mytilin
play an important role in elimination of viral, bacterial and fungal path-
ogens by permeating the cell membranes, disrupting DNA or RNA bio-
synthesis, or inducing catastrophic ATP loss in the pathogens
(Diamond et al., 2009). The antimicrobial peptides can also regulate cy-
tokine production as well as recruitment, activity and proliferation of
the innate immune cells (Diamond et al., 2009; Singh et al., 2014).
Defensins, myticins and mytilins are small cysteine-rich peptides that
can disrupt the membrane of Gram-positive and Gram-negative bacte-
ria and eukaryotic microbes (Balseiro et al., 2011; Mitta et al., 1999;
Rosa et al., 2011; Schmitt et al., 2012; Seo et al., 2005). In marine bi-
valves, these AMPs are highly inducible by the pathogens and their
PAMPs including bacteria, viruses and protozoans (Balseiro et al.,
2011; Domeneghetti et al., 2015; Hubert et al., 1996; Mitta et al.,
1999; Schmitt et al., 2012). Our present study showed that myticin
and mytilin mRNA expression is suppressed by acclimation at the con-
stantly low salinity (5) but insensitive to nZnO exposure or the
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Fig. 4. Principal component analysis of the biochemical and molecular biomarkers of M. edulis exposed to nine combinations of nZnO or Zn?* (0,100 ug 1= ') and salinity (5, 5-15 and 15).
Biomarker abbreviations: Phagoc - phagocytosis (Zymosan particles per cell); NRU - neutral red uptake (10~° cells); MyD88a - myeloid differentiation primary response gene 88 a;
MyD88c - myeloid differentiation primary response gene 88 c¢; C1q - C1q complement domain-containing protein; C3q - complement component C3-like protein; TLRa - Toll-like
receptor a; TLRb - Toll-like receptor b; TLRc - Toll-like receptor c; Lectin - membrane bound C-type lectin; HSP70 - 70 kDa heat shock protein; JNK - c-Jun N-terminal kinase. In
addition to the immune-related biomarkers, two general cellular stress biomarkers (mRNA expression of the heat shock protein HSP70 and c-Jun terminal kinase JNK) were used in
the PCA analysis (means shown in Supplementary Fig. 2). Experimental treatment groups: LS - low salinity (5); NPs - nZnO; CN - control and normal salinity (15); ZnN - ionic Zn and
normal salinity (15); NPN - nZnO and normal salinity (15); CF - control and fluctuating salinity (5-15); ZnF - ionic Zn and fluctuating salinity (5-15); NPF - nZnO and fluctuating
salinity (5-15); CL - control and low salinity (5); ZnL - ionic Zn and low salinity (5); NPL - nZnO and low salinity (5). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. Integrated biomarker radar plot for immune-related biomarkers of M. edulis exposed to nine combinations of nZnO or ionic Zn (0, 100 pg 1=') and salinity (5, 5-15 and 15).
Biomarker abbreviations: C3q - complement component C3-like protein; TLRa - Toll-like receptor a; TLRb - Toll-like receptor b, TLRc - Toll-like receptor ¢; MyD88 - myeloid
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fluctuating salinity stress. Similarly, exposure to 100 ug 1~ of nCeO, had
no effect on the mytilin mRNA levels in the hemocytes of
M. galloprovincialis (Auguste et al., 2019). Unlike nZnO and nCeO5, expo-
sure to 10-100 pg 1~! nTiO, led to the elevated mRNA expression of
mytilin in the hemocytes of M. galloprovincialis (Barmo et al., 2013).
Unlike mytilin and myticin, the mRNA expression of defensin was
differentially affected by nZnO depending on the salinity regime in
M. edulis. Under the normal salinity regimes, nZnO exposure upregu-
lated the defensin transcript in the mussels’ hemocytes. A similar upreg-
ulation of the defensin mRNA was found in the hemocytes of
M. galloprovincialis exposed to 10-100 ug 1~! nTiO, (Barmo et al.,
2013).In M. edulis acclimated to the low or fluctuating salinity, nZnO ex-
posure suppressed the defensin mRNA levels This suppression was

especially stark in the nZnO-exposed mussels at the low salinity that
had the defensin transcript levels ~60-fold lower than the control (salin-
ity 15) baseline. This is consistent with the results a field study in
M. galloprovincialis that showed significant effects of salinity on the ex-
pression of defensin (Li et al,, 2009). These findings indicate that com-
bined salinity and nZnO stress might strongly impair the AMP-
dependent pathogen killing ability of the mussels' hemocytes that rep-
resents an essential component of the innate immune defense. It is
worth noting that defensin appears to be the most sensitive of the
three studied AMP to nZnO exposures. This finding is consistent with
the earlier reports that defensin is more sensitive than myticin and
mytilin to toxic exposures such as hexavalent chromium and nTiO, in
bivalves (Barmo et al.,, 2013; Ciacci et al., 2011).
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It is worth noting that the toxic effects of ZnO nanoparticles are com-
monly ascribed to the toxicity of free Zn>* released by the nanoparticle
degradation in the environment or within the acidic environment of the
lysosomes (Fairbairn et al.,, 2011; Franklin et al., 2007; Miao et al., 2010;
Katsumiti et al., 2016). However, our present study as well as earlier re-
search on bivalves (Falfushynska et al., 2015; Falfushynska et al., 2019a;
Falfushynska et al., 2019b) and marine phytoplankton (Manzo et al.,
2013; Miao et al., 2010; Peng et al., 2011) shows that the extent and
the mechanisms of nZnO toxicity cannot be explained by the toxicity
of ionic Zn. Generally, ZnO nanoparticles are more toxic than the equiv-
alent amounts of ionic Zn to marine organisms. Furthermore, many mo-
lecular pathways that are strongly modulated by nZnO exposure (such
as the immune recognition factors and an AMP defensin) are unrespon-
sive to ionic Zn exposures. These differences are reflected in a stark sep-
aration of the immune biomarker profiles of nZnO-exposed and ionic
Zn-exposed mussels in the PCA analysis, especially at the normal and
fluctuating salinity. Earlier studies also showed that nZnO exposures
have a strong pro-apoptotic and pro-inflammatory effect on the mus-
sels' cells, unlike ionic Zn exposures that did not induce inflammation
and suppressed apoptosis in the digestive gland cells of M. edulis
(Falfushynska et al,, 2019b). These findings emphasize the need for fur-
ther toxicity testing and environmental risk assessment focused on the
nanoparticles, as well as the need for innovative methods for detection
and monitoring of the nanoparticles in the environment, because the
risk assessments of nanoparticles based the toxicity of the constituent
metals may potentially underestimate the environmental impact of
the nanoparticles.

4.3. Conclusions and outlook

Ambient salinity and ZnO nanoparticles have strong impacts on the
immune-related functions and gene expression profile in the hemo-
cytes of marine bivalves M. edulis. Environmentally relevant concentra-
tions of nZnO (100 pg 1! Zn) had stronger immunomodulatory effects
in the blue mussels than the equivalent concentrations of ionic Zn. Stim-
ulation of phagocytosis and lysosome enlargement/proliferation in re-
sponse to nZnO exposure indicates that phagocytosis might be a key
uptake mechanism for ZnO nanoparticles in the mussels' hemocytes.
At salinity 15, nZnO suppressed the hemocyte viability, adhesion capac-
ity and expression of the pathogen-associated pattern receptors and the
complement system indicating the impaired ability to recognize patho-
gens and mount innate immune response. Unexpectedly, the fluctuat-
ing salinity abolished many of the negative immune effects of nZnO
except the suppression of the hemocyte vitality and adhesion.

Exposure to low salinity (5) had strong immunosuppressive effects
in M. edulis overriding the impact of nZnO. The low salinity regime cho-
sen for our present study is close to the lower salinity tolerance limit of
M. edulis (Riisgard et al., 2013; van der Gaag et al., 2016), Our findings
suggest that immunocompromised status may contribute to the inabil-
ity of M. edulis population to survive in the brackish waters below the so
called horohalinicum (salinity 5-8) zone (Attrill and Rundle, 2002). The
weakened host defense may also cause advantages for invading patho-
gens due to the seawater freshening that results from the climate
change, especially since many eukaryotic and prokaryotic pathogens
thrive in the brackish water (Casas et al., 2004; Oliver, 2006; Telesh
etal, 2011).

Given the significant effects of salinity changes on the toxicity of
nZnO, it is important to consider combined effects of multiple environ-
mental stressors such as temperature, salinity and pH for the assess-
ment of the environmental impacts of metal-containing nanoparticles
including nZnO. Furthermore, the immune-related biomarkers for as-
sessment of the toxic effects of the nanoparticles must be calibrated in
the environmentally-relevant contexts as the biomarker baselines may
be strongly shifted by salinity (our present study) and other biotic and
abiotic stressors (Blanco-Ray6n et al., 2019a; Blanco-Rayén et al.,
2019b; Falfushynska et al., 2019a; Hamer et al., 2008; Mdgica et al.,

2015). These findings have important implications for understanding
of the combined effects of multiple stressors on immune biology of key-
stone marine organisms and emphasize the urgent need for establishing
the nanoparticle-specific guidelines for water quality and toxicity as-
sessment in the anthropogenically modified coastal ecosystems.
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7.3. Season-dependent effects of ZnO nanoparticles and elevated temperature on
bioenergetics of the blue mussel Mytilus edulis

Wau, FL, Sokolov, E. P, Dellwig, O. and Sokolova, I. M. (2021). Chemosphere 263, 127780.

DOI: https://doi.org/10.1016/j.chemosphere.2020.127780

ﬁmperature nZnO/ Zn?%* Temperature  nzno/ Znﬁ
- —

0 ug/L 7 <8 0 ug/L
10pgll g 2 g 10 pg/L

100 pg/L i 100 pg/L

A&

15T Protein, lipids & glycogen Lipids
Electron transport system (ETS) Glycogen
Protein Total energy reserves (Ej) ETS activity
Lipids
nZnO 20°C

v
v'nZnO exposure negatively impacts mussels’ bioenergetics
v'15°C is close to the optimal temperature for the mussels’ bioenergetics

102


https://doi.org/10.1016/j.chemosphere.2020.127780

Chemosphere 263 (2021) 127780

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

Season-dependent effects of ZnO nanoparticles and elevated )
temperature on bioenergetics of the blue mussel Mytilus edulis o

a,d,*

Fangli Wu ¢, Eugene P. Sokolov °, Olaf Dellwig €, Inna M. Sokolova

@ Department of Marine Biology, Institute for Biological Sciences, University of Rostock, Rostock, Germany

b [eibniz Institute for Baltic Sea Research, Leibniz ScienceCampus Phosphorus Research, Rostock, Warnemiinde, Germany
¢ Department of Marine Geology, Leibniz Institute for Baltic Sea Research Warnemiinde, Rostock, Germany

d Department of Maritime Systems, Interdisciplinary Faculty, University of Rostock, Rostock, Germany

HIGHLIGHTS GRAPHICAL ABSTRACT
e Combined effects of temperature and - = — -
. . ‘emperature 2+ 2+
nZnO on mussels’ bioenergetics were / N —— empetaiure "Z“°’z“\

studied.

e In summer and winter, nZnO expo-
sure depleted glycogen stores of the
mussels.

15C OuglL
10 g/l
100 pg/L.

10C O g/t
10 g/

100 g/l

eIn summer, nZnO exposure Ssup- BE B ks

pressed mitochondrial activity and Froeh gotsleneyezenes ) ETS acivity

lipid levels. nzn0 £
e Warming (+5 °C) increased mussels’ VhZnO exposure negatively impacts mussels’ bioenergetics i

energy reserves in winter but not in \ YIS Ieclose tothe optimal forthe mussels b /

summer.
ARTICLE INFO ABSTRACT
Article history: Input of ZnO nanoparticles (nZnO) from multiple sources have raised concerns about the potential toxic
Received 27 April 2020 effects on estuarine and coastal organisms. The toxicity of nZnO and its interaction with common abiotic
lf;c]iil\;,egoigorevised form stressors (such as elevated temperature) are not well understood in these organisms. Here, we examined

the bioenergetics responses of the blue mussel Mytilus edulis exposed for 21 days to different concen-
trations of nZnO or dissolved zinc (Zn>*) (0, 10, 100 ug 1-1) and two temperatures (ambient and 5 °C
warmer) in winter and summer. Exposure to nZnO had little effect on the protein and lipid levels, but led

Accepted 18 July 2020
Available online 12 August 2020

Handling Editor: Jim Lazorchak to a significant depletion of carbohydrates and a decrease in the electron transport system (ETS) activity.

Qualitatively similar but weaker effects were found for dissolved Zn. In winter mussels, elevated tem-
Keywords: perature (15 °C) led to elevated protein and lipid levels increasing the total energy content of the tissues.
Warming In contrast, elevated temperature (20 °C) resulted in a decrease in the lipid and carbohydrate levels and
nzZnO suppressed ETS in summer mussels. These data indicate that moderate warming in winter (but not in
Mussel summer) might partially compensate for the bioenergetics stress caused by nZnO toxicity in M. edulis

Energy reserves
Mitochondria

Electron transport activity
Oxidative phosphorylation
Proton leak

Lipid

Carbohydrate

from temperate areas such as the Baltic Sea.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
* Corresponding author. Department of Marine Biology, Institute for Biological

Sciences, University of Rostock, Rostock, Germany. With the global rise in nanotechnology, manufactured
E-mail address: inna.sokolova@uni-rostock.de (.M. Sokolova).

https://doi.org/10.1016/j.chemosphere.2020.127780
0045-6535/© 2020 Elsevier Ltd. All rights reserved.


mailto:inna.sokolova@uni-rostock.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2020.127780&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2020.127780
https://doi.org/10.1016/j.chemosphere.2020.127780

2 E Wu et al. / Chemosphere 263 (2021) 127780

nanoparticles (<100 nm) are increasingly released into coastal
marine ecosystems (Garner and Keller, 2014; Williams et al., 2019).
The nanoscale zinc oxides (nZnO) are commonly used as anti-
fouling agents, UV screens and antimicrobials. Probabilistic models
accounting for the production and emission of nZnO predict con-
centrations of nZnO of >100 pg kg~! in the sediment and
>100 pg 11 in the coastal waters (Coll et al., 2016; Yung et al., 2014).
This raises concerns about the potential impact of nZnO pollution
on coastal marine ecosystems (Bondarenko et al., 2013; Williams
et al., 2019). Exposure to nZnO can negatively affect growth
(Hanna et al., 2013; Muller et al., 2014), immunity (Wu et al., 2018,
2020), redox balance (Buffet et al., 2012; Trevisan et al., 2014) and
reproduction (Fabrega et al., 2012) of marine organisms. However,
the toxic mechanisms of environmentally relevant levels of nZnO in
marine organisms are not yet fully understood. Furthermore, due to
the wide fluctuations of abiotic factors (such as temperature,
salinity, or pH) that can affect both the physicochemical properties
of nanoparticles (Yung et al., 2017) and the physiological responses
of the organisms (Somero et al., 2016), assessment of the potential
effects of abiotic variability on nanoparticle toxicity is needed for
ecological risk assessment of nanopollutants (Holmstrup et al.,
2010; Wu et al., 2018, 2020).

Temperature is a key abiotic factor affecting all aspects of per-
formance of ectotherms due to its direct effects on the rates of
biochemical and physiological reactions (Somero et al., 2016). In
temperate ecosystems, benthic invertebrates are commonly
exposed to elevated temperatures due to the seasonal warming as
well as the global climate change (IPCC, 2014). The recent
consensus models predict a 3—6 °C increase in the global mean air
temperatures by the end of the 21st century. Northern and central
Europe are warming even faster with the predicted increase of
5—8 °C until the end of the 21st century (IPCC, 2013). Elevated
temperatures can strongly enhance the toxicity of dissolved metals
in aquatic organisms (Bagwe et al., 2015; Hallman and Brooks,
2016; Heugens Eh et al., 2003; Nardi et al., 2017; Sokolova, 2004;
Sokolova and Lannig, 2008) but little is known about the
temperature-dependent effects on the biological responses to the
metal-containing nanoparticles in marine ectotherms (Andrade
et al., 2019; Falfushynska et al., 2019b; Kumar et al., 2020; Mos
et al., 2017). Furthermore, because seasonality is an important
factor affecting all aspects of physiology of temperate mussels
including stress tolerance (Bagwe et al., 2015; Cherkasov et al,,
2010; loannou et al., 2009; Katsikatsou et al., 2012; Mugica et al.,
2015; Marigémez et al., 2017), it is important to consider season
in assessing the temperature-dependent responses to nano-
pollution. Here, we focused on the potential modulating effects of
seasonality and elevated temperature on the metabolic response of
the blue mussels M. edulis to nZnO toxicity by comparing the effects
of a similar degree of warming (+5 °C above the ambient) in winter
and summer mussels.

Energy metabolism of aquatic ectotherms is susceptible to
temperature and pollutants (Sokolova et al., 2011). The ability to
maintain energy homeostasis is a major factor determining stress
tolerance of aquatic organisms and sustainability of their pop-
ulations under multiple stress scenarios (Sokolova, 2013; Sokolova
et al., 2012). Nanoparticle exposure can impact energy metabolism
of aquatic ectotherms. Thus, exposures to waterborne TiO, and Ag
nanoparticles suppressed feeding activities, decreased food ab-
sorption efficiency, impaired digestion and diminished the aerobic
scope for growth of marine mussels and clams (Hu et al., 2017,
Kong et al., 2019; Saggese et al., 2016; Saidani et al., 2019; Shang
et al, 2020). Studies in freshwater mussels (Unio tumidus)
showed that the energy status of these organisms was negatively
affected by nZnO (as reflected in the depletion of tissue energy
reserves and a decrease in ATP levels) and that these impacts were

modulated by environmental temperature (Falfushynska et al.,
2019b). However, to the best of our knowledge, no studies of the
bioenergetics consequences of temperature-nZnO interactions
have been conducted in marine bivalves.

The aim of our present study was to determine the interactive
effects of seasonal warming and acclimation at elevated tempera-
tures on bioenergetic responses to nZnO pollution in the blue
mussels Mytilus edulis. The blue mussels are common sentinel
species for environmental stress assessment (Beyer et al., 2017;
Bricker et al., 2014) that play important ecological and economical
roles in the coastal environment (Kijewski et al., 2011; Mathiesen
et al, 2017). As filter feeders, mussels can accumulate nano-
materials and are susceptible to their toxicity (Beyer et al., 2017;
Rocha et al., 2015). We hypothesized that the nZnO exposure will
cause disturbance of the energy status of the mussels as reflected in
the impaired mitochondrial activity and the decrease in the energy
reserves (including carbohydrates, lipids, and in the case of extreme
stress, proteins). We also hypothesized that the negative effects of
nZnO on bioenergetics might be exacerbated by the seasonal
warming and/or acclimation at the elevated temperatures. To test
these hypotheses, we measured the tissue levels of energy reserves
(including proteins, lipids and carbohydrates), electron transport
system (ETS) activity, mitochondrial capacity for respiration and
ATP synthesis, and cellular energy allocation (CEA) as an integrative
index of the energy status (De Coen and Janssen, 2003) in M. edulis
exposed for 21 days to different nZnO concentrations (0, 10,
100 pg 1-!) under ambient and elevated (+5 °C) temperature in
winter and summer. To assess whether the effects of nZnO on
bioenergetics might be due to the increase in intracellular Zn, we
measured accumulation of Zn and levels of the metal-binding
proteins (metallothioneins) as markers for intracellular Zn in the
mussels exposed to different temperatures and pollutants. Our
study provides new insights into the bioenergetic mechanisms
underlying the combined effects of elevated temperature and nZnO
of M. edulis and has important implications for understanding the
effects of warming on the mussels’ populations from polluted es-
tuaries and coastal zones.

2. Materials and methods
2.1. Animal collection and maintenance

The wild blue mussels M. edulis (56 + 6 mm shell length) were
collected near Warnemiinde, Germany (54°10'49.602"N,
12°0521.991”E) in late October (winter experiment) and June
(summer experiment). The mussels were transported to the Uni-
versity of Rostock within 2 h of collection in a cooler lined with the
seawater-soaked paper towels. Mussels with no shell damage were
selected, and the shell surface was cleaned from epibionts. Mussels
were acclimated to the following laboratory conditions for two
weeks: the mussels used in the winter experiment maintained at
salinity 15 (practical salinity scale) and temperature 10 °C, those in
the summer experiment maintained at salinity 15 and temperature
15 °C. All mussels were kept in recirculated temperature-controlled
aquaria with aeration, UV-water treatment, protein skimmer, and a
moving bed biofilter. The temperature of 10 °C in the winter
experiment and the temperature of 15 °C in the summer experi-
ment were close to the respective temperatures in the mussels’
habitat at the time of collection and thus considered ambient
(control) temperatures in this study. Elevated temperatures (+5 °C
above the respective controls) were chosen to represent the pre-
dicted warming in the southern Baltic Sea according to the climate
change scenarios (IPCC, 2013).
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2.2. Experimental exposures and tissue collection

After the preliminary acclimation, the mussels were randomly
assigned to one of the ten experimental groups and exposed for 21
days in 12: 12 light: dark regime at salinity 15 to the different
combinations of temperature and Zn exposure. The duration of
experimental exposures (21 days) was chosen because in
temperate marine bivalves, 2—3 weeks are required to reach a new
physiological steady-state after an environmental shift
(Khlebovich, 2017; Thompson et al., 2012). Within each season, two
factors were tested in a fully crossed design with two temperatures
levels (10 and 15 °C as ambient and elevated temperature in the
winter, and 15 and 20 °C as ambient and elevated temperature in
the summer, respectively) and five Zn treatments: no Zn addition as
a control, nZnO or dissolved Zn at 10 pg I-! Zn and 100 pg 1! Zn
(the low and high Zn levels, respectively). Exposures to 10 and
100 pg 17! of nZnO were within the range of predicted environ-
mental concentrations of nZnO (Coll et al., 2016; Yung et al., 2014).
Exposure to dissolved Zn (as ZnSO4) was used to test whether the
toxic effects of nZnO might be due to the potential release of Zn>*.
Each of the ten experimental groups was randomly subdivided and
placed into three replicate tanks (6 1) per treatment, each tank
containing 20 mussels. Artificial seawater was made with the
Instant Ocean® sea salt and supplemented with 20% of the filtered
natural Baltic seawater (salinity ~12) to achieve salinity 15.

A static renewal design was used with the water change and
nZnO or ZnSO4 additions every two days. ZnO nanoparticles (nZnO)
(average particle size 30 nm, hydrodynamic size ~817 + 174 nm and
zeta-potential —9.6 mV at salinity 15) were purchased from Sigma-
Aldrich Sweden AB (Stockholm, Sweden). Suspensions of nZnO or
ZnSOy4 solutions were added to experimental water during every
water change and vigorously aerated to maintain particles in sus-
pension. No mortality of the mussels occurred during the experi-
ment. The mussels were fed at least 2 h before every water change
with a commercial blend of live algae containing Nannochloropsis
oculata, Phaeodactylum sp. and Chlorella sp. (Premium Reef Blend,
CoralSands, Wiesbaden, Germany) per manufacturer’s instructions.

After 21 days of experimental exposure, mussels were dissected
on ice. Soft tissues were collected, blotted with filter paper, shock-
frozen and stored at —80 °C. Whole soft tissue was ground under
the liquid nitrogen, the powder was aliquoted and stored at —80 °C
until further analyses.

2.3. Determination of Zn concentrations in the seawater and the
mussels’ body

Before each water change, seawater samples (14.5 ml) were
collected from experimental tanks, acidified with trace-metal grade
HNO3 and stored at +4 °C for further analysis. Zn concentration in
seawater samples was measured by inductively coupled plasma
mass spectrometry (ICP-MS) (iCAP Q; Thermo Fisher Scientific) as
described elsewhere (Dellwig et al., 2019; Lagerstrom et al., 2013;
Sohrin et al., 2008; Wu et al., 2020). Accuracy (2.4%) and precision
(7.4%) were verified by the international seawater reference ma-
terial NASS-7.

Whole soft tissue powder (~300 mg) of the mussels was dried in
an incubator at 70 °C, and digested with 30% H,0,. The samples
were incubated at 70 °C overnight to evaporate Hy0,, digested in
65% HNOs (trace metal grade) at 70 °C for 24 h, filtered through
0.45 pm filters and kept at +4 °C for further analysis. Zn concen-
tration in the digested soft tissue was determined using inductively
coupled plasma-optical emission spectrometry (ICP-OES) (iCAP
7400 Duo, Thermo Fisher Scientific) as described elsewhere (Wu
et al., 2020). Accuracy (5.0%) and precision (1.1%) were verified by
the international reference material SGR-1b.

2.4. Electron transport system (ETS) activity in the whole soft tissue

ETS activity was measured in the whole body extracts of the
mussels by a 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetra-
zolium chloride (INT) reduction assay using a SpectraMax ID3
Multi-Mode Microplate Reader (Molecular Devices, USA) at 20 °C as
described elsewhere (Falfushynska et al., 2019¢; Haider et al., 2018).
For each sample, the non-mitochondrial reduction of
INT—tetrazolium was determined by adding 0.7 mM KCN (an in-
hibitor of the terminal ETS enzyme cytochrome c oxidase) and
10 uM rotenone (an inhibitor of the ETS Complex I) instead of
NAD(P)H solution for blank reading. Specific ETS activity of the
tissues was calculated based on the rate of formazan formation
using an extinction coefficient of 15.9 mM~! cm~! at 490 nm and
corrected for the light path (0.523 + 0.023 cm). The ETS activity was
calculated as a difference in the activity in the absence and pres-
ence of the ETS inhibitors and expressed as nM O, min~! g~! wet
tissue mass using the stoichiometric equivalent of 1 pmol formazan
to 0.5 pmol O,.

2.5. Mitochondrial oxygen consumption and ATP synthesis capacity

Mitochondria were isolated from the digestive gland, which is
one of the most metabolically active tissues in mussels, as
described elsewhere (Falfushynska et al., 2019a). Briefly, ~0.6—1 g of
the digestive gland tissue (pooled from 2 to 3 mussels) was ho-
mogenized in an ice-cold homogenization media containing
100 mM sucrose, 200 mM KCl, 100 mM NacCl, 8 mM ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA), 50 pg 1~!
aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 30 mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES),
pH 7.5. Mitochondria were isolated by differential centrifugation at
4 °C (Falfushynska et al., 2019a), and resuspended in ice-cold assay
media containing 185 mM sucrose, 130 mM KCl, 10 mM NadCl,
30 mM HEPES, 10 mM glucose, 1 mM MgCl,, 10 mM KH,PO4 and 1%
bovine serum albumin (BSA), pH 7.2.

Oxygen consumption rate (Mgy) of isolated mitochondria was
measured with a substrate mixture of pyruvate, malate and succi-
nate at 15 °C using a high resolution respirometer Oxygraph 2 k
(Oroboros, Innsbruck, Austria). Baseline mitochondrial Mgy (indic-
ative of the proton leak, i.e. the respiration needed to counteract the
sum of all futile cation cycles that dissipate the mitochondrial
membrane potential), Mgy of actively phosphorylating mitochon-
dria (indicative of OXPHOS capacity), and activities of the ETS and
cytochrome c oxidase (COX) were measured as described in an
earlier report (Falfushynska et al., 2019a). Mitochondrial Mo, was
expressed as pmol O, min~! g~! mitochondrial protein. The res-
piratory control ratio (RCR) was calculated by dividing the OXPHOS
respiration by the baseline (proton leak) respiration (Estabrook,
1967). The OXPHOS coupling efficiency was calculated as follows:
CEoxpros = 1 — [LEAK/OXPHOS], where LEAK and OXPHOS are the
respiration rates of the mitochondria in the baseline (leak) and
actively phosphorylating states, respectively (Gnaiger, 2012). The
apparent reserve ETS and COX capacity were calculated as the ratio
of ETS to OXPHOS respiration, and of COX to ETS respiration,
respectively (Gnaiger, 2012).

2.6. Tissue energy reserves

2.6.1. Lipids, proteins and carbohydrates in the whole soft tissue
Lipid concentration was measured in the whole soft tissue using
a standard colorimetric method with chloroform-methanol
extraction (Van Handel, 1985). Protein concentrations were deter-
mined using Biorad Bradford Protein Assay Kit according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA) with



4 E Wu et al. / Chemosphere 263 (2021) 127780

bovine serum albumin (BSA) as a standard. Carbohydrate concen-
trations were measured with the phenol-sulphuric acid method
(Masuko et al., 2005). Other details of analyses can be found in our
previous reports (Falfushynska et al., 2019a, 2019c; Haider et al.,
2018). The absorbance of lipids, proteins and carbohydrates was
determined at 490 nm, 595 nm and 492 nm, respectively, by a
SpectraMax ID3 Multi-Mode Microplate Reader (Molecular devices,
USA). Concentrations of lipid and proteins were expressed in mg
g~1 wet mass. Concentrations of carbohydrates were expressed as
pmol glucose equivalents g~! wet mass.

2.6.2. Cellular energy allocation (CEA)

Because marine mussels can use different energy compounds
(lipids, carbohydrates and proteins) interchangeably depending on
the compound availability and physiological status (Gosling, 1992;
Haider et al., 2018), determination of the total energy content vs.
potential energy expenditure is important to assess the overall
bioenergetics condition of an organism. Total energy reserve (Ea) of
the mussels was calculated by transforming the measured protein,
lipid and carbohydrate content into energy equivalents (Gnaiger,
1983). The potential energy expenditure (Ec) was calculated by
converting the ETS activity into energy equivalents using oxy-
enthalpic equivalents for combustion of an average lipid, carbo-
hydrate and protein mixture (484 ] mmol~! Oy) (Gnaiger, 1983;
Verslycke et al., 2004a). The cellular energy allocation (CEA) (as an
integrative index of the energy status) was calculated as a ratio of
total energy reserve (Ea) to the potential energy expenditure (Ec)
(DeCoen and Janssen, 1997).

2.7. Metallothioneins (MTs) assay

Total concentration of metallothioneins (MTs) in the whole body
of the mussels was measured using 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB) reduction method (Viarengo et al., 1997). The tissue
was homogenized (1:3 v/v) in an ice-cold buffer (0.5 M sucrose,
20 mM Tris, 0.5 mM phenyl methyl sulfonyl fluoride (PMSF) and
0.01% B-mercaptoethanol, pH 8.6). The samples were centrifuged at
16,000 g at 4 °C for 60 min. The large-molecular-weight proteins
were precipitated with 200 pl of —20 °C absolute ethanol and 15 pl
chloroform and removed by centrifugation at 6,000 g at 4 °C for
12 min. The supernatant was mixed with three volumes of —20 °C
absolute ethanol, vortexed, cooled at —20 °C for 1 h, and centri-
fuged at 6,000 g for 12 min. The pellet containing MTs was washed
twice with 1 ml of the washing buffer made up with 2.5 ml chlo-
roform and 30 ml Tris-sucrose solution (20 mM Tris and 0.5 mM
sucrose) adjusted to 250 ml with absolute ethanol and cooled
to —20 °C. The pellet was dissolved in 100 ul Tris-EDTA buffer
(5 mM Tris and 1 mM EDTA), mixed with 0.5 ml of 0.43 mM DTNB,
and incubated for 15 min at room temperature. Absorbance was
measured at 412 nm using a SpectraMax ID3 Multi-Mode Micro-
plate Reader (Molecular Devices, USA). The levels of MTs were
calculated assuming the following relationship: 20 upmol
GSH = 1 pmol MT = 8000 pg MT, and expressed as pg of MTs g~!
wet tissue mass.

2.8. Statistical analysis

Data analysis was performed by IBM® SPSS® Statistics ver.
22.0.0.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism ver. 7.02
(GraphPad Software Inc., La Jolla, CA, USA). Pilot analysis showed no
effects of replicate tanks on the studied traits (P > 0.05); therefore,
individual mussels were used as biological replicates in all subse-
quent analyses. The data were tested for normality with the Sha-
piro—Wilk’s test and homogeneity of variance with Levine test.
Not-normally distributed data were Box-Cox transformed. The

effects of temperature, Zn treatment and their interactions on the
studied traits were analyzed by two-way ANOVA with temperature
and Zn exposure as fixed factors. The factor “Temperature” had two
levels (ambient and elevated temperature). The factor “Zn treat-
ment” had five levels (control — no Zn addition, 10 pg 1-' nZno,
100 pg 11 nZnO, 10 pg 1-! dissolved Zn or 100 pg 1! dissolved Zn).
Tukey’s Honest Significant Differences (HSD) test was used to
compare the pairs of means among different Zn treatments at each
fixed temperature. The significant effects of temperature were
tested for each Zn treatment using a Student’s t-test. To reduce the
dimensionality of the data set, principal component analysis (PCA)
was carried out using XLSTAT®2014, and a biplot was graphed
including the measured variables and the individual mussels from
different exposure groups. The number of biological replicates was
6—7 for isolated mitochondria and 5 for all other traits. The results
were expressed as the means + the standard error of the mean
(SEM), and the differences were considered statistically significant
if P was <0.05.

3. Results
3.1. Zn content in seawater and the soft body of mussels

The total Zn concentration in the seawater (in pg 17') was
17.56 + 1.40 in the control, 27.93 + 3.54 and 27.79 + 1.77 in 10 ug 1!
nZnO and Zn?* exposures, respectively, and 68.76 + 4.58 and
94.67 + 5.55 in 100 pg 1-! nZnO and Zn?* exposures, respectively
(N = 12). The total Zn concentration in the soft tissues of the
mussels was not affected by the elevated temperature or Zn
exposure (P > 0.05), whereas exposure to high concentration of
nZnO led to a significant Zn accumulation in the mussels’ tissues
(Fig. 1A and B).

3.2. Metallothioneins (MTs)

MTs levels in the mussels’ soft tissues were significantly affected
by the temperature and the season (P < 0.05), but no significant
(P> 0.05) interactive effect was detected (Tables 1—3). MTs was not
significantly affected by the nZnO/Zn?* treatments within each
temperature group in winter or summer mussels. Elevated tem-
perature significantly increased MTs levels in the winter mussels
exposed to control and low nZnO treatment (Fig. 1C and D).

3.3. Bioenergetics markers

Protein levels were significantly affected by temperature and Zn
exposure in the winter mussels (P < 0.05), but the interactions
between temperature and Zn exposure were not detected (P > 0.05)
(Tables 1—-3). In winter mussels, protein levels decreased in high
nZnO/Zn"* treatments (Fig. 2A), while acclimation at the elevated
temperature significantly increased the protein content of the
control group and the mussels exposed to 10 pg 1! nZnO or Zn?*. In
summer mussels, no significant effects of the elevated temperature
or nZnO/Zn** treatments on the protein levels were detected
(P > 0.05) (Fig. 2A and B).

Lipid levels were significantly affected by Zn exposure in sum-
mer (but not in winter) mussels (Tables 1 and 2). Statistically sig-
nificant effects of temperature and the interaction between Zn
exposure and temperature were observed in summer mussels
(Tables 1—3). Elevated temperature increased the body lipid con-
tent of the control group and the mussels exposed to 100 pg 17!
nZnO or Zn?* in the winter (Fig. 2C). In summer, acclimation at the
elevated temperature led to a decrease in the body lipid content of
the control group and the mussels exposed to 100 pg 1-' nZnO or
Zn®* (Fig. 2D). High nZnO treatments led to a decrease in lipid
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Fig. 1. Zn content (A, B) and metallothionein levels (C, D) in the soft tissues of M. edulis exposed to different concentrations of nZnO or Zn>* (0, 10 and 100 yg 1-) and temperatures
for 21 days. Winter mussels — A, C; Summer mussels — B, D. Different letters indicate significant differences among nZnO or Zn?* treatments within fixed temperature level (Tukey
HSD test, P < 0.05), and asterisks indicate significant differences between two temperatures within the same Zn treatment group (t-test, P < 0.05). N = 5.

Table 1

Two-way ANOVA analyses of the studied biomarkers of M. edulis exposed to different combinations of Zn treatment and temperature in winter experiment. Temperature: 10
and 15 °C; Zn treatment: control, 10 ug 1! nZnO, 100 pg 1" nZnO, 10 ug 1~ Zn?*, and 100 pg 1~ Zn?*; ETS: electron transport system activity; Ea: total energy reserve; CEA:
cellular energy allocation; MTs: metallothionein. P: P-value. Degrees of freedom (df) for the error were 40 for all studied traits. Significant effects are highlighted in bold.

Source df Tissue Zn Protein Lipid Carbohydrate ETS Ea CEA MTs

content

F P F P F P F P F P F P F P F P
Temperature 1 2945 0096 23920 <0.001 127.409 <0.001 5885 0.020 3.143 0.084 165590 <0.001 75.295 <0.001 35647 <0.001
Zn treatment 4 4898 0.004 6194 0.001 2.888 0.054 33.059 <0.001 6.626 <0.001 7.642 <0.001 3856 0.010 1.003 0417
Temperature *Zn 4 0.794 0.538 1.139 0352 1421 0.245 7556 <0.001 0.979 0430 2.036 0.108 3966 0.008 0.623 0.649

Table 2

Two-way ANOVA analyses of the studied biomarkers of M. edulis exposed to different combinations of Zn treatment and temperature in summer experiment. Temperature: 15
and 20 °C; Zn treatment: control, 10 pg 1-! nZn0, 100 pg 1! nZnO, 10 pg 1! Zn?*, and 100 pg 1! Zn*; ETS: electron transport system activity; Ea: total energy reserve; CEA:
cellular energy allocation; MTs: metallothionein. P: P-value. Degrees of freedom (df) for the error were 40 for all studied traits. Significant effects are highlighted in bold.

Source df Tissue Zn Protein Lipid Carbohydrate ETS Ea CEA MTs

content

F P F P F P F P F P F P F P F P
Temperature 1 0107 0.746 4522 0.056 20.141 <0.001 15475 <0.001 30.089 <0.001 25798 <0.001 3201 0.081 4.761 0.055
Zn treatment 4 6.648 0.001 1.176 0336 7.106 <0.001 7.144 <0.001 22203 <0.001 8.53 <0.001 6467 <0.001 1.744 0.159
Temperature *Zn 4 0.063 0.992 0.363 0.833 2685 0.045 0642 0636 0.671 0.616 2275  0.078 1.944 0.122 0.121 0.974

content at the ambient temperature in summer mussels but not in not exposed to metals) (Fig. 2C and D).
their winter counterparts (compared with the respective controls Temperature and Zn exposure had significant effects on the
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Table 3

Two-way ANOVA analyses of the studied biomarkers of M. edulis exposed to different combinations of Zn treatment and season at 15 °C. Season: summer and winter; Zn
treatment: control, 10 pg 1= nZn0, 100 pg 1-! nZn0O, 10 pg 1! Zn?*, and 100 pg 1! Zn*; ETS: electron transport system activity; Ea: total energy reserve; CEA: cellular energy
allocation; MTs: metallothionein. P: P-value. Degrees of freedom (df) for the error were 40 for all studied traits. Significant effects are highlighted in bold.

Source df Tissue Zn Protein Lipid Carbohydrate ETS Ea CEA MTs
content
F P F P F P F P F P F P F P F P
Season 1 0004 00953 32980 <0.001 6491 0.015 0.315 0.578 62.254 <0.001 0.324 0.573 45887 <0.001 16.000 <0.001
Zn treatment 4 5.513 0.002 5.761 <0.001 6.836 <0.001 8.018 <0.001 15924 <0.001 11.154 <0.001 7.328 <0.001 1.269 0.298
Season * Zn 4 0418 0.794 1.273 0.297 0.513 0.726 1.392 0.254 2.300 0.076 0.510 0.729 1.669 0.176 0.473 0.755
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Fig. 2. Protein (A, B), lipid (C, D) and carbohydrate (E, F) content in soft tissues of M. edulis exposed to combinations of nZnO or Zn?* (0, 10 and 100 ug 1) and temperature for 21
days. Winter mussels — A, C, E; Summer mussels — B, D, F. Different letters indicate significant differences among nZnO or Zn?* treatments within fixed temperature level (Tukey
HSD test, P < 0.05), and asterisks indicate significant differences between two temperatures within the same Zn treatment group (t-test, P < 0.05). N = 5.

levels in the winter mussels exposed to 100 pg 1=! Zn?* (Fig. 2E). In
summer, acclimation at the elevated temperatures led to a decrease
in the carbohydrate content in the mussels exposed to 10 pg 1!

carbohydrate levels of the mussels’ body, and the interactive effect
between temperature and Zn exposure was found in the winter
(Tables 1 and 2). Elevated temperature increased carbohydrate



E Wu et al. / Chemosphere 263 (2021) 127780 7

Zn** and 100 pg 1! nZnO. The carbohydrate content of the mussels’
body decreased with increasing nZnO or dissolved Zn concentra-
tions. This trend was significant in all temperature treatment
groups except for the 15 °C-acclimated summer mussels (Fig. 2E
and F).

Total energy reserve (Ea) was affected by temperature and Zn
exposure, but no significant interactions between Zn treatment and
temperature were found (Tables 1—3). Ea decreased in the winter
and summer mussels exposed to high nZnO regardless of the
temperature (Fig. 3A and B). Acclimation at the elevated tempera-
ture increased Ea within the respective Zn treatment group in the
winter but not in the summer (Fig. 3A and B).

ETS activity in the whole tissue was affected by temperature, Zn
exposure and season, but no significant factor interactions were
detected (Tables 1-3). ETS activity generally decreased with

increasing nZnO or dissolved Zn concentrations at each tempera-
ture level in both winter and summer mussels (Fig. 3C and D). In
summer mussels, combined exposures to elevated temperature and
high nZnO/Zn?* further decreased ETS activity (Fig. 3D). In winter,
acclimation at the elevated temperature had no significant effect on
the ETS activity when compared within each Zn treatment group
(Fig. 3C and D).

Functional traits of the isolated mitochondria from the digestive
gland including the ATP synthesis capacities, mitochondrial proton
leak, and the maximum ETS and COX activities were not strongly
affected by the acclimation temperature or Zn exposures in the
winter mussels (Table 4). The mitochondrial coupling (assessed as
RCR or OXPHOS coupling efficiency) or the apparent ETS and COX
capacity did not change in response to temperature acclimation or
Zn exposures in the winter mussels (summer mussels were not
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Fig. 3. Total energy reserve (A, B), ETS activity (C, D) and cellular energy allocation (E, F) of M. edulis exposed to combinations of nZnO or Zn®* (0, 10 and 100 g 1-') and tem-
perature during 21 days. Winter mussels — A, C, E; Summer mussels — B, D, F. Different letters indicate significant differences among nZnO or Zn?* treatments within fixed
temperature level (Tukey HSD test, P < 0.05), and asterisks indicate significant differences between two temperatures within the same Zn treatment group (t-test, P < 0.05). N = 5.
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Table 4

Effects of the acclimation temperature combined with nZnO or dissolved Zn exposure on mitochondrial bioenergetics of M. edulis. Mitochondria were isolated from the
digestive gland of the winter mussels acclimated at different temperatures and exposed either to control conditions, 100 pg 1! of nZnO or 100 pg 1~ of Zn?*. All mitochondrial
traits were assayed at 15 °C. Proton leak — baseline oxygen consumption of non-phosphorylating mitochondria (leak state); OXPHOS activity — oxygen consumption of
mitochondria during oxidative phosphorylation (OXPHOS) indicative of the ATP synthesis capacity, ETS — electron transport system, RCR — respiratory control ratio. Expla-
nations of the derived indices (RCR, OXPHOS coupling efficiency and the reserve ETS and COX capacity) are provided in the Materials and Methods. Proton leak, OXPHOS

activity, ETS activity and COX activity are expressed as umol O, min~—' g~!

mitochondrial protein. The derived indices have no units. For the proton leak, values that do not share

the same letter, are significantly different (P < 0.05). For all other traits, no significant differences were found between the experimental treatment groups. N = 6—7.

Source Acclimation conditions

10 °C 15°C

Control nZnO Zn** Control nZnO Zn**
Proton leak 2.24 + 030 2.17 + 027 2.18 + 0.20°° 2.54 1021 3.12 £ 0.35° 2.04 +0.18°
OXPHOS activity 6.41 + 1.30 6.03 +1.72 6.96 + 0.97 4.65 + 1.10 6.43 + 0.99 5.68 + 0.18
ETS activity 6.92 + 141 6.40 + 1.74 8.95 + 0.83 6.48 + 1.36 8.50 + 0.60 573 +1.22
COX activity 19.91 + 2.64 19.69 + 2.95 20.62 + 3.12 1521+ 1.78 18.74 + 2.61 1734 £ 1.72
RCR 2.87 + 046 249 + 0.51 3.17 £ 0.22 1.72 + 0.24 2.10 £ 0.24 3.89 + 0.85
OXPHOS coupling efficiency 0.61 +0.08 0.52 +0.11 0.75 + 0.02 0.59 + 0.07 0.60 + 0.04 0.63 + 0.08
Reserve ETS capacity 1.07 + 0.03 1.10 + 0.04 133 +0.11 1.53 +0.31 1.55 +0.29 1.03 + 0.05
Reserve COX capacity 3.39 + 0.59 3.39 +0.59 229 +0.19 293 + 0.56 2.19+0.24 3.89 +0.85

studied) (Table 4).

Cellular energy allocation (CEA) was significantly affected by Zn
exposure, temperature (in winter mussels) and season
(Tables 1-3). The interactions between Zn treatment and temper-
ature on CEA were significant in the winter (Tables 1—3). CEA was
not significantly affected by nZnO or dissolved Zn under the control
temperature in each season (Fig. 3E and F). CEA increased in the
winter mussels exposed to high Zn** levels and in the summer
mussels exposed to high nZnO concentrations. Furthermore,
elevated temperature increased CEA in winter mussels across all Zn
treatments (Fig. 3E and F).

3.4. Principal component analysis

Principal component analysis (PCA) revealed that 63.88% and
64.83% of the overall variance of the studied traits were explained
by the two first principal components (PC) in the winter and
summer experiments, respectively (Fig. 4A and B). In winter mus-
sels, PC 1 expressed 38.39% of overall variance and separated the
groups exposed to the ambient and elevated temperatures (Fig. 4A).
PC 2 explained 25.49% of the overall variance; this axis presented a
Zn-specific response since control group was separated from Zn
exposures along this axis (Fig. 4A). In summer mussels, PC 1 and PC
2 explained 44.90% and 19.93% of the overall variance, respectively,
with a similar pattern of group separation as found in the winter
mussels (Fig. 4B). Tissue levels of proteins, lipids, carbohydrates,
MTs, and Ea had high positive associations with the PC 1 in both the
winter and summer mussels (Fig. 4A and B).

4. Discussion
4.1. Bioaccumulation of nZnO or Zn’* in mussels

Nanomaterials can pose potential risks to marine life due to the
harmful effects of the nanoparticles and the release of trace metals
in marine environments (Chae and An, 2017; Yung et al., 2014). In
our present study, no Zn accumulation in the soft tissues of the
mussels was found when exposed to 10 and 100 pg 1-! of Zn®* or
10 pg 17! of nZnO. A modest but significant accumulation of Zn in
the mussels’ body was observed at high concentration (100 pg 1-1)
of nZnO. The integrated PCA-based analysis of the biomarker pro-
files also showed that the tissue Zn content tightly correlates with
the 2nd principal component that separates the groups of mussels
exposed to high nZnO levels from other experimental groups.
Overall, these findings indicate that tissue Zn concentrations are

tightly regulated by the mussels in the low concentration range of
nZnO but accumulate when the ambient nZnO levels exceed a
certain threshold (in this study, 100 pg 1-1). Similarly, no Zn accu-
mulation was found in the soft tissues of mussels Elliptio compla-
nata exposed for 21 days to 10 pg 1! of nZnO or Zn?* (Gagne et al.,
2016), Dreissena polymorpha exposed for 96 h to 25 pg 1! of nZnO
or Zn** (Gagne et al., 2019), and the mussels Mytilus gallopro-
vincialis exposed for 21—-28 days to 10—100 pg 1-! of nZnO or Zn>*
(Li et al, 2018). In M. galloprovincialis, Zn accumulation only
occurred during prolonged exposures to high concentrations
(>0.5 mg I"!) of nZnO (Hanna et al., 2013; Muller et al., 2014)
consistent with our present findings.

Metallothioneins play an important role in the binding of free
intracellular metals including Zn?>* and in protection against
oxidative stress as ROS scavengers (Davis and Cousins, 2000; Yin
et al,, 2014). In our present study, no significant change in the to-
tal metallothionein levels was observed in M. edulis exposed to
nZnO or Zn>*. This is consistent with the lack of bioaccumulation of
Zn that could act as metallothionein inducer (Ruttkay-Nedecky
et al., 2013). The lack of MT upregulation also indicates that
oxidative injury is not a major toxicity mechanism for nZnO or Zn>*
in the concentration range used in our present study. This finding is
consistent with the earlier published work in bivalves exposed to
low environmentally relevant levels of these pollutants
(Falfushynska et al., 2015, 2017; Gagne et al., 2019; Marisa et al.,
2016). Interestingly, the metallothionein levels increased during
acclimation to elevated temperature in winter mussels indicating
that upregulation of this antioxidant might be important for the
redox homeostasis during temperature stress. Seasonal acclimati-
zation to elevated temperatures in the summer mussels blunted
this increase indicating that other antioxidant mechanisms might
be involved in the response to long-term seasonal acclimatization
as opposed to short-term (three weeks) experimental warming.

4.2. Bioenergetic responses to temperature and nZnO

Levels of energy reserves have important implications for
tolerance of organisms towards toxic substances, and depletion of
energy reserves is an early sign of toxicity occurring before other
biological activities such as growth, respiration, or reproduction are
impaired (Smolders et al., 2003). Pollutant exposure in aquatic in-
vertebrates often leads to elevated energy costs for detoxification,
damage repair and stress protection (Berenbaum and Zangerl,
1994; Sokolova, 2013; Sokolova et al., 2012). Furthermore, im-
mune stress and inflammatory reactions caused by nanomaterials
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(Ansar et al., 2017; Attia et al., 2018; Wu et al., 2020) can increase
the energy demand (Wang and Ye, 2015). Elevated energy demand
of the mussels exposed to nanopollutants might therefore deplete
the organism’s energy reserves especially as the feeding activities
are impaired by the nanoparticle exposure (Hu et al., 2017; Kong
et al., 2019; Saggese et al., 2016; Saidani et al., 2019; Shang et al.,
2020). Glycogen and lipids are the major contributors to the en-
ergy storage in marine mollusks (Smolders et al., 2003; Sokolova,
2013). In our present study, a significant depletion of carbohy-
drates (that consist of ~90% of glycogen; Sokolova, unpublished
data) was found in M. edulis exposed to nZnO or Zn?*. A similar
decrease in the glycogen content was found in the freshwater
mussels Unio tumidus exposed to 250 pg 1! of nZnO (Falfushynska
et al., 2019b) and in the clams Ruditapes philippinarum exposed to
0.1 and 1.0 mg 1! of multi-walled carbon nanotubes (De Marchi
et al., 2017). Exposure to 100 pg 1-! of nZnO also led to a decrease
in the lipid content in the tissues of summer mussels indicating that
carbohydrates mobilization cannot fully cover the energy costs in
the combined temperature and nZnO stress. Similarly, the lipid
reserve was negatively affected in the blue mussels M. edulis
exposed to 10 pg 1-! nZnO for 14 days (Falfushynska et al., 2019¢)
and in the gills of freshwater mussels U. tumidus exposed to
250 pg 1! nZnO for 14 days (Falfushynska et al., 2019b). Taken
together, these findings indicate that glycogen is mobilized to cover
the elevated energy costs caused by the nanoparticle exposure in
marine mussels, while the lipid breakdown might contribute under
the conditions of extreme energy demand such as during the
combined exposures to high temperature and nanopollutants. The
total amount of available energy (Ea) decreased in the tissue of the
mussels exposed to 100 pg 1! of nZnO in both seasons and accli-
mation temperatures reflecting depletion of carbohydrates and
lipids.

The protein content of M. edulis tissues remained stable during
all exposures to Zn?* and nZnO, regardless of the season and
acclimation temperature. These findings are consistent with the
notion that the proteins are used as a last-resort fuel during
extreme energy demand (Albentosa et al., 2007; Haider et al., 2018).
In the freshwater musels, U. tumidus, high concentrations of nZnO
(250 pg 171 led to a slight but significant decrease in the protein
content of the gills and the digestive gland, but this response varied
between different mussel populations (Falfushynska et al., 2019b).
Overall, protein catabolism does not appear a major energy source
under the environmentally relevant nZnO exposures in bivalves
thus indicating that these exposures do not elicit extremely high
energy demand.

The mitochondrial ETS activity reflects the amount and func-
tional activity of the mitochondria and can serve as an index of both
the tissue energy demand and ATP synthesis capacity (Fanslow
et al,, 2001; Ivanina et al., 2012, 2016; Kurochkin et al., 2011). In
our present study, the whole-body ETS activity of the mussels
decreased in a concentration-dependent manner in nZnO and Zn**
exposures at 15 and 20 °C, indicating a decline in the capacity for
ATP synthesis. Given that the ETS activities of isolated mitochondria
of mussels were relatively insensitive to nZnO and Zn?* exposures
(Table 4), these changes in the whole-body ETS capacity likely
reflect a decline in the mitochondrial abundance. A decrease in ETS
activity was also found in the freshwater mussels U. tumidus
exposed to 250 pg 1! nZnO (Falfushynska et al, 2019b) and in
oysters Crassostrea gigas exposed to 4 mg 1! nZnO (Trevisan et al.,
2014). Trace metals including Zn?* are toxic to animal mitochon-
dria (Lemire et al, 2008), and Zn?* release was proposed as a
mechanism of the mitochondrial toxicity of nZnO (Chevallet et al.,
2016). However, in our present study no major Zn accumulation
or induction of metallothioneins was found during nZnO or Zn**
exposures indicating that an increase in intracellular Zn>* is not

likely to explain the observed suppression of ETS activity in the
mussels. Other mechanisms (such as direct interactions of nZnO
with mitochondria or secondary ROS-dependent damage to ETS
complexes) might contribute to the mitochondrial dysfunction in
nZnO and Zn** exposed mussels and require further investigation.

It is worth noting that an integrative index of the energy status,
CEA, appeared less sensitive as an indicator of nZnO-induced stress
than the levels of energy reserves and ETS activity considered
separately. In earlier studies, both increases and decreases of CEA in
response to elevated temperature and pollutant exposures have
been reported in aquatic invertebrates (DeCoen and Janssen, 1997;
Erk et al., 2008, 2011; Gomes et al., 2015; Smolders et al., 2003;
Verheyen and Stoks, 2020; Verslycke et al., 2004b). In our present
study, elevated CEA was found in the warm-acclimated winter
mussels (reflecting higher levels of energy reserves) and in the
warm-acclimated summer mussels exposed to 100 pg 1-! nZnO
(reflecting suppressed ETS activity). Depletion of energy reserves
found in the mussels exposed to 100 pg 1-! nZnO was not reflected
in the CEA because of the concomitant decrease in ETS activity. This
indicates that CEA should be used with caution because opposing
changes in Ea and ETS activity might mask the stressor effects on
the energy status.

Environmental temperature is an important factor affecting
energy homeostasis of marine bivalves (Sokolova, 2013; Sokolova
et al., 2011). Our present study shows that the temperature is the
dominant factor affecting the bioenergetic markers profiles in
M. edulis, as shown by the PCA analysis where most of the studied
bioenergetic traits had high loadings on the 1%t principal compo-
nent separating the groups of mussels acclimated at different
temperatures. In bivalves, the availability of energy reserves can be
affected by temperature (Andrade et al., 2019; Falfushynska et al.,
2019b; Scott-Fordsmand and Weeks, 2000). In our present study,
the protein and lipid content as well as the total energy reserves
increased in the mussels exposed to warming (15 °C) in winter but
decreased in response to warming (20 °C) in summer. This indicates
that the effects of warming on M. edulis differ between the seasons
with the winter warming having beneficial, and summer warming
— deleterious effects. Similarly, M. edulis exposed to 22 °C showed a
decrease in the glycogen content compared to their counterparts
maintained at 16 °C (Clements et al.,, 2018). Previous studies
showed that most populations of M. edulis occur at the seawater
temperatures <20 °C, and none persist at the sea surface temper-
ature >23 °C(Fly and Hilbish, 2013; Fly et al., 2015). Therefore, 20 °C
can be considered close to the ecological tolerance limit for the
European M. edulis. This hypothesis is supported by the observation
that oxygen consumption rates of M. edulis from the same popu-
lation as used in our present study were suppressed by the tem-
peratures >22 °C (Falfushynska et al., 2019a).

Our present study shows that despite high general stress
tolerance of a eurybiont marine bivalve such as M. edulis, envi-
ronmentally relevant concentrations of nZnO have negative im-
pacts of bioenergetics of these organisms. A predicted increase in
the seawater temperature combined with nZnO pollution might
negatively affect the Baltic Sea mussels in summer which is a
critical period for the temperate mussel populations when repro-
duction takes place (Gosling, 1992; Kijewski et al., 2011). With the
rapidly increasing industrial production of nanoparticles, their
toxic effects on marine organisms including mussels will continue
to rise and require protective measures to limit the inputs of
nanopollutants and mitigate their effects on marine ecosystems.
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ABSTRACT

Engineered nanoparticles including ZnO nanoparticles (nZnO) are important emerging pollutants in aquatic eco-
systems creating potential risks to coastal ecosystems and associated biota. The toxicity of nanoparticles and its
interaction with the important environmental stressors (such as salinity variation) are not well understood in
coastal organisms and require further investigation. Here, we examined the interactive effects of 100 ug 1™
nZnO or dissolved Zn (as a positive control for Zn?>" release) and salinity (normal 15, low 5, and fluctuating
5-15) on bioenergetics and intermediate metabolite homeostasis of a keystone marine bivalve, the blue mussel
Mytilus edulis from the Baltic Sea. nZnO exposures did not lead to strong disturbances in energy or intermediate
metabolite homeostasis regardless of the salinity regime. Dissolved Zn exposures suppressed the mitochondrial
ATP synthesis capacity and coupling as well as anaerobic metabolism and modified the free amino acid profiles in
the mussels indicating that dissolved Zn is metabolically more damaging than nZnO. The environmental salinity
regime strongly affected metabolic homeostasis and altered physiological and biochemical responses to nZnO or
dissolved Zn in the mussels. Exposure to low (5) or fluctuating (5-15) salinity affected the physiological condi-
tion, energy metabolism and homeostasis, as well as amino acid metabolism in M. edulis. Generally, fluctuating
salinity (5-15) appeared bioenergetically less stressful than constantly hypoosmotic stress (salinity 5) in
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M. edulis indicating that even short (24 h) periods of recovery might be sufficient to restore the metabolic homeo-
stasis in this euryhaline species. Notably, the biological effects of nZnO and dissolved Zn became progressively
less detectable as the salinity stress increased. These findings demonstrate that habitat salinity must be consid-
ered in the biomarker-based assessment of the toxic effects of nanopollutants on coastal organisms.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Coastal ecosystems are among the most threatened ecosystems
worldwide due to urbanization, pollution, global climate change and
habitat degradation (Borgwardt et al., 2019; Cloern et al., 2016). A re-
cent analysis of the integrated risks from human activities ranked chem-
ical pollution as the highest risk for the coastal waters and biota
(Borgwardt et al., 2019). Engineered nanoparticles (i.e. particles with
at least one dimension <100 nm) are important emerging pollutants
creating potential risks to coastal ecosystems and associated biota
(Coll et al., 2016; Gottschalk et al., 2009; Piccinno et al., 2011).
Nano-zinc oxide (nZnO) is a common nanomaterial with an estimated
global production of 10 Mt (Stoller and Ochando-Pulido, 2020) exten-
sively used in industry, agriculture, medicine, textiles, packaging, and
cosmetics (Beegam et al., 2016; Martinez-Carmona et al., 2018;
Narayanan et al., 2012). About 10% of all produced nZnO is released
from the technosphere into the environment, with >95% of this amount
entering the aquatic ecosystems and accumulating in the water and
sediments (Gottschalk et al., 2015). Models predict that the present-
day concentrations of nZnO may reach ~900 ug 1~! in the European sur-
face waters (Coll et al,, 2016) and exceed 100-300 ug kg™ in the sedi-
ments (Gottschalk et al., 2015). ZnO has been classified as ecotoxic by
the EU hazard classification and as a priority pollutant by the US Envi-
ronmental Protection Agency (US EPA, 2002). The toxicity assessment
of nZnO is based on the assumption that the toxic effects are caused
by the ion shedding by nZnO (US EPA, 2002) However, recent studies
indicate that nanomaterials including nZnO may display significantly
different toxic mechanisms from those of dissolved metals
(Falfushynska et al., 2015; Falfushynska et al., 2019b; Falfushynska
et al,, 2019d; Wu et al., 2020b). Furthermore, potential interactions of
nanoparticle toxicity with other abiotic stressors (such as salinity, tem-
perature, or pH) have not been extensively studied (Auffan et al., 2014;
Falfushynska et al., 2015; Falfushynska et al., 2019b; Mos et al., 2017;
Wau et al.,, 2020b; Yung et al., 2017; Yung et al., 2015). This limits our
ability to understand the impacts of coastal nanopollution in the envi-
ronmentally realistic contexts and adds to the uncertainty of risk assess-
ment (Cabral et al., 2019).

Salinity variation is an important environmental stressor in estuar-
ies, coastal areas and closed basins such as the Baltic Sea (Stigebrandt,
2001). The Baltic Sea salinity varies spatially from >20 to <1 PSU (prac-
tical salinity units) from southwest to northeast and fluctuates over
time due to the variation in the saltwater influx, evaporation and pre-
cipitation (HELCOM, 2016). The Baltic Sea coast is a highly populated
area receiving pollution (including nanoparticles) from multiple
point-and non-point sources (Moreno and Amelung, 2009; Tovar-
Sanchez et al., 2013). Benthic bivalves such as the blue mussels
(Mytilus spp.) are important sentinel organisms to assess nanoparticle
toxicity because of their global distribution, important ecological roles
as ecosystem engineers and high vulnerability to nanoparticle exposure
due to their suspension-feeding habits (Beyer et al., 2017). Exposures to
environmentally relevant concentrations of nZnO were shown to nega-
tively impact the physiological performance and health status of marine
organisms including the blue mussels leading to bioenergetics distur-
bances and suppression of growth (Hanna et al., 2013; Muller et al.,
2014; Wu et al.,, 2021), immune impairments (Wu et al., 2018; Wu
et al., 2020b) and onset of the cellular damage, inflammation and apo-
ptosis (Falfushynska et al., 2019c). Furthermore, the toxic effects of

nZnO in marine organisms can be modulated by the ambient salinity
due to the direct effects of salinity on the nanoparticle properties
(such as aggregation, solubility and sedimentation) (Yung et al.,
2017), as well as through the interactive effects of nanoparticles and sa-
linity on physiology of marine organisms (Auffan et al,, 2014; Park et al.,
2014; Wang and Wang, 2014; Wu et al.,, 2020b; Yung et al., 2015). How-
ever, the interactive effects of salinity and nanopollutants on the
health and performance of marine organisms in the environmentally
realistic contexts are not yet well understood and require further
investigation.

Metabolic homeostasis plays an important role in organismal toler-
ance to stressors including pollutants and salinity stress (Sokolova
etal., 2012; Sokolova and Lannig, 2008; Sokolova et al., 2011). Exposure
to pollutants may negatively affect an organism's bioenergetics by in-
creasing the energy demand for basal maintenance including detoxifi-
cation, stress protection and damage repair, and/or by reducing the
energy gain through the negative effects on feeding and metabolic con-
version of food energy into ATP (Sokolova, 2013; Sokolova et al., 2011).
Salinity stress can also have negative impact on energy metabolism of
the mussels due to the elevated costs of intracellular osmoregulation,
suppression of feeding activity and impairment of the cellular metabo-
lism (Berger and Kharazova, 1997; Gosling, 1992; Riisgdrd et al.,
2013). The disturbances of the energy homeostasis can have direct im-
pacts on the physiological performance and fitness-related functions of
an organism such as growth, activity or reproduction (Sokolova, 2013;
Sokolova et al., 2012). Therefore, investigations of the metabolic conse-
quences of stress exposures provide an excellent tool to link the cellular
and molecular stress mechanisms to the organismal performance and
thus the population-level outcomes of multiple stressors including
nanopollutants and salinity stress.

The aim of the present study was to assess the interactive effects of
nZnO (100 pg 1=! Zn) and salinity stress on bioenergetics and interme-
diate metabolite homeostasis of a keystone marine bivalve, the blue
mussel Mytilus edulis. The mussels are economically important and eco-
logically dominant species in the benthic ecosystem of the Baltic Sea
(Gosling, 1992; Jansson and Kautsky, 1977). They are commonly ex-
posed to pollutants (including nZnO) and salinity variations in their
habitats and thus serve as an excellent model species to investigate
the interactive effects of nanopollutants and salinity stress (Canesi
etal., 2012; Wu et al., 2020b). Here, we hypothesized that combined ex-
posures to nZnO and salinity stress might negatively impact the energy
homeostasis of the mussels by increasing the energy demand and/or
suppressing the aerobic capacity for ATP production in the mussels.
We also hypothesized that nZnO exposure may affect the intermediate
nitrogen metabolism of the mussels causing shifts in the organic
osmolytes (such as the free amino acids) and thus interfering with in-
tracellular osmoregulation. To test these hypotheses, we measured the
tissue levels of energy reserves (lipids, carbohydrates and proteins),
body condition index, and the mitochondrial aerobic capacity in the
whole tissue and isolated mitochondria of the mussels. To assess
whether exposure to the combined salinity and nZnO stress might re-
sult in aerobic energy deficiency and lead to the onset of anaerobic me-
tabolism, accumulation of anaerobic end products (succinate and
lactate) was determined in the mussel tissues. Tissue water content
and the levels of free amino acids were measured to determine whether
the osmoregulatory response to salinity shifts is negatively affected by
nZnO exposures in M. edulis.
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2. Materials and methods
2.1. Animal collection and maintenance

The adult blue mussels (shell length 5.23 4 0.37 cm, N = 170) were
collected in February 2019 in Warnemiinde harbor area (54°10'49.602"
N, 12°05’21.991”E) near Rostock, Germany, and transported to Univer-
sity of Rostock within 2 h of collection. The Baltic Sea is a zone of intro-
gression between two closely related groups of mussels, M. edulis and
M. trossulus, and the studied population of natural hybrids has been des-
ignated M. edulis due to the predominance of M. edulis genes in its ge-
netic makeup (Falfushynska et al., 2019a; Stuckas et al., 2017). Based
on the seasonal progression of mussel gametogenesis in the studied re-
gion of the Baltic Sea (Benito et al., 2019), the mussels used in this study
were expected to be at the early to advanced stages of gametogenesis.
The visual inspection of the gonads during dissection (see “Tissue col-
lection” below) confirmed the presence of gametes in the gonads of
the experimental mussels, albeit the development stage of the gametes
could not be determined. The mussel shells were cleaned from epibionts
and acclimated for at least a week at 10 °C and salinity 15. These salinity
and temperature conditions were similar to the habitat conditions at the
time of collection. The seawater used for the maintenance and all exper-
imental exposures was prepared by mixing 90% of artificial seawater
(Tropic Marin®) with 10% of the filtered Baltic seawater. The mussels
were kept in a thermally controlled recirculated aquaria (10.1 +
09 °C, N = 102, salinity 15.6 & 0.7, N = 26) equipped with a
multi-step filtration system including a moving bed biofilter, UV water
treatment and protein skimmer. During the preliminary acclimation
and experimental treatments, the mussels were fed ad libitum on alter-
nate days with live phytoplankton blend containing Nannochloropsis
oculata, Phaeodactylum sp. and Chlorella sp. (Premium Reef Blend,
CoralSands, Wiesbaden, Germany).

2.2. Experimental exposures

Experimental exposure conditions were identical to those described
in our earlier study (Wu et al., 2020b). Briefly, after the preliminary ac-
climation, mussels were randomly divided into nine groups and ex-
posed for three weeks in 12:12 light:dark regime to different salinity
and Zn conditions. A fully crossed experimental design was used with
three salinity regimes (normal salinity 15; low salinity 5; and fluctuat-
ing salinity with the daily change between salinities 15 and 5), and
three levels of Zn exposure including control (no Zn>" or nZnO addi-
tion), nZnO or dissolved Zn corresponding to 100 pg Zn 1~!. For fluctu-
ating salinity, a square wave change was used as follows: 22 h at
salinity 15, followed by 2 h at salinity 10, and 22 h at salinity 5. This
cycle was repeated for three weeks of exposure. For each experimental
treatment, five replicate tanks were used. Average salinity was 15.6 +
0.66 (N = 26) for the normal salinity treatment and the high-salinity
phase of the fluctuating salinity regime, and 5.22 4 0.66 (N = 42) for
the low salinity treatment and the low-salinity phase of the fluctuating
salinity regime. Commercial ZnO nanoparticles (nZnO) (average parti-
cle size 30 nm) were purchased from Sigma-Aldrich Sweden AB
(Stockholm, Sweden). The suspensions of nanoparticles (10 ug ml~!)
had the following characteristics: at salinity 5, the hydrodynamic size
with a major peak at 854 4+ 172 nm and zeta-potential of 2.9 mV; at sa-
linity 15, the hydrodynamic size with a major peak at 817 4 174 nm and
zeta-potential —9.6 mV (Wu et al., 2020b). A static-renewal exposure
regime was used with water change and Zn supplementation every
other day (except in the fluctuating salinity regime where the water
was changed and Zn added daily during salinity change). Suspensions
of nZnO were added to experimental water to achieve the nominal con-
centration of 100 pg 17! Zn during every water change and maintained
in suspension by vigorous aeration. For dissolved Zn exposures,
100 pg 17! Zn®* (as ZnSO,4) was added during every water change, All
exposures were conducted at 10 £ 1 °C. During preliminary acclimation
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and experimental exposures, mussels were fed before every
water change with a commercial blend of live algae containing
Nannochloropsis oculata, Phaeodactylum sp. and Chlorella sp. (Premium
Reef Blend, CoralSands, Wiesbaden, Germany) per manufacturer's in-
structions. During experimental exposures, mortality was <5% in the
normal and fluctuating salinity groups and ~16% in the low salinity
group. Mortality was not affected by the Zn treatment (P > 0.05; data
not shown). The total Zn concentrations in the seawater were reported
in our earlier study using the same exposures and were 3.7 + 0.5,
88.1 & 3.6,and 80.2 + 2.2 pg 1~ ! in the control, Zn?", and nZnO expo-
sures, respectively (Wu et al., 2020b). Dissolved Zn concentrations
were the same in the control and nZnO exposed water indicating mini-
mal dissolution of nZnO (Wu et al., 2020b). The mussels exposed to dis-
solved Zn (but not to nZnO) accumulated Zn in their soft tissues to
approximately the same extent regardless of the exposure salinity
(Wu et al., 2020b).

2.3. Tissue collection

After three weeks of exposure, mussels were collected, dissected on
ice and their soft tissues (mean mass: 2.53 £ 0.72 g, N = 90) immedi-
ately shock-frozen in liquid nitrogen. Mussels from the fluctuating salin-
ity regime were collected during the high salinity (15) phase. Soft
tissues were ground under liquid nitrogen and stored at —80 °C until
further analyses. Whole-body samples were used to determine the con-
tent of carbohydrates, proteins and lipids, the mitochondrial electron
transport system (ETS) activity and concentrations of metabolites. A
separate batch of mussels (12-15 per treatment group) was used to iso-
late the mitochondria from the digestive gland tissue to assess the mito-
chondrial respiratory and ATP synthesis capacity. A subsample (5
mussels per treatment group) was used to determine the body water
content. For all experimental mussels, the wet mass of the soft tissues
was determined, and the shell width, length and height were measured
to the nearest mm using calipers. The sample sizes (N) were 8-10 per
treatment group for the whole-body bioenergetics traits and metabolite
concentrations, N = 6 for the activity of isolated mitochondria, and N =
5 for the body water content.

2.4. Determination of energy reserves and ETS activity

Lipid, carbohydrate and protein concentrations were measured in
the whole-body homogenates of the mussels using colorimetric
methods in a SpectraMax M2 microplate reader (Molecular Devices
GmbH, Biberach-an-der-RiR, Germany) as described elsewhere
(Haider et al., 2018). Total energy reserve (E,) was calculated by
transforming the measured protein, lipid and carbohydrate into energy
equivalents using their respective energy of combustion: 24 k] g~! for
proteins, 39.5 k] g~! for lipids and 17.5 k] g~' for carbohydrates
(Gnaiger, 1983).

ETS activity was measured in the whole body of mussels with a 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride (INT) re-
duction assay using a SpectraMax M2 microplate reader (Molecular De-
vices GmbH, Biberach-an-der-Rif3, Germany) as described elsewhere
(DeCoen and Janssen, 1997; Haider et al., 2018). Specific ETS activity
of the tissues (umol O, min~! mg wet tissue mass) was calculated
using an extinction coefficient of formazan of 159 mM~' cm™' and
corrected for the light path (0.523 4 0.023 cm) and the activity of
non-mitochondrial reductases. The ETS activity was expressed as
nM O, min~" g~ wet tissue mass. The potential energy expenditure
(Ec) was calculated based on the ETS flux assuming the stoichiometric
equivalent of 1 umol formazan to 0.5 pmol O, and using oxyenthalpic
equivalents for combustion of an average lipid, glycogen and protein
mixture (484 ] mmole ™' 0,) (Gnaiger, 1983; Verslycke et al., 2004).
The cellular energy allocation (CEA) was calculated as a ratio of E, to
E. (Verslycke et al., 2004).
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2.5. Mitochondrial assays

Mitochondria were isolated from the digestive gland, which is
one of the most metabolically active tissues in mussels as described
elsewhere (Falfushynska et al., 2019d). Briefly, ~0.6-1 g of the diges-
tive gland tissue (pooled from 3 to 4 mussels) was homogenized in
an ice-cold homogenization media containing 100 mM sucrose,
200 mM KCl, 100 mM NaCl, 8 mM ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 50 pg 17!
aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM so-
dium orthovanadate, 30 mM taurine and 30 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.5
using several passes of a Potter-Elvenhjem homogenizer at
200 rotations min~"'. Mitochondria were isolated by differential cen-
trifugation at 4 °C and resuspended in ice-cold assay media (AM:
185 mM sucrose, 130 mM KCl, 10 mM NacCl, 30 mM HEPES, 10 mM
glucose, 1 mM MgCl,, 10 mM KH,PO,4 and 1% bovine serum albumin
(BSA), pH 7.2). Oxygen consumption of isolated mitochondria was
measured using an Oxygraph 2k high resolution respirometer
(Oroboros, Innsbruck, Austria) at 10 °C in the AM with 5 mM pyru-
vate, 2 mM malate and 10 mM succinate to stimulate ETS flux
through the mitochondrial Complexes I and II. The following traits
were assessed: ADP-stimulated respiration (in the presence of
2.5 mM ADP) as a measure of the maximum oxidative phosphoryla-
tion (OXPHOS) rate; resting respiration (indicative of the mitochon-
drial proton leak) in the presence of 2.5 uM oligomycin to inhibit
mitochondrial Fp, F;-ATPase; maximum activity of the mitochondrial
ETS (measured with 7.5 pM of an uncoupler carbonyl cyanide m-
chlorophenyl hydrazone); maximum activity of cytochrome c
oxidase (CCO) measured with 0.5 mM N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD) and 2 mM ascorbate as substrates in
the presence of 2.5 uM antimycin A to inhibit electron flux through
the upstream mitochondrial complexes. Protein concentrations in
mitochondrial suspensions were measured using Biorad Bradford
Protein Assay Kit according to the manufacturer's instructions (Bio-
Rad, Hercules, CA, USA) using BSA as a standard. Mitochondrial res-
piration was expressed as pmol O, min~! g~ ! mitochondrial protein.
The apparent reserve ETS capacity (ratio of ETS to OXPHOS respira-
tion), reserve CCO capacity (ratio of CCO to OXPHOS activity) and
electron transport (ET) and OXPHOS coupling efficiencies were cal-
culated as described elsewhere (Doerrier et al., 2018). Briefly, the
ET coupling efficiency was calculated as 1-PL/ETS, where PL and
ETS are the oxygen consumption of the resting and uncoupled mito-
chondria, respectively. The OXPHOS coupling efficiency was calcu-
lated as 1-PL/OXPHOS, where PL and OXPHOS are the oxygen
consumption of the resting and actively phosphorylating mitochon-
dria, respectively.

2.6. Metabolite analyses

To measure the concentration of metabolites including the free
amino acids and anaerobic end products (succinate and lactate),
100 mg of whole soft tissue was extracted with 1.0 ml of 80% ethanol
containing 1 pg ml~" of 2-(N-morpholino)ethanesulfonic acid (MES)
as an internal standard. After vigorous shaking, samples were centri-
fuged at 13,000 xg and 4 °C for 10 min. The supernatant was freeze-
dried (Unicryo MC2L —60 °C, Martinsreid, Germany) and stored at
—80 °C until further analyses. The extracts were dissolved in
MS-grade distilled water (ROTISOLV® LC-MS-grade, Roth, Germany),
filtered through 0.2 pm filters (Omnifix®-F, Braun, Germany) and ana-
lyzed using the high performance liquid chromatograph-mass spec-
trometer LCMS-8050 system (Shimadzu, Japan) with electrospray
ionization (ESI) as described elsewhere (Haider et al., 2020). Separation
was carried out on a pentafluorophenylpropyl (PFPP) column (Supelco
Discovery HS FS, 3 um, 150 x 2.1 mm) using a consecutive gradient of
1 min 0.1% formic acid, 95% water, 5% acetonitrile, within 15 min linear
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gradient to 0.1% formic acid, 5% water, 95% acetonitrile, 10 min 0.1%
formic acid, 5% water, 95% acetonitrile to elute the samples. For the
identification and quantification of metabolites, LC-MS/MS method
package for primary metabolites Ver. 2. (Shimadzu, P/N 225-24862-
92) and the LabSolutions software package (Shimadzu, Japan) were
used (Haider et al,, 2020). The signal intensity (peak area) of the target
compounds was normalized to the peak of the internal standard (MES)
and quantified using calibration with authentic standard substances
(Merck, Germany) for each compound. The concentrations were
expressed in pg g ! wet tissue mass. Because the specific amino acid
biosynthesis pathways are not well studied in Mytilus, we classified
the amino acids as essential or non-essential based on the reported ca-
pacity for amino acid synthesis in mollusks (Fitzgerald and Szmant,
1997). We considered Arg, His, Lys, Phe, Thr, Trp and Val (for which
no biosynthetic capacity was found in mollusks), as well as Met, Ser,
Ile, Leu and Pro (that can be synthesized in some but not all mollusks)
essential amino acids (Fitzgerald and Szmant, 1997). All other studied
FAAs were considered non-essential. To assess the diversity of FAA
pool in the mussels' tissues, the Shannon-Wiener diversity index
(H) was calculated (Ortiz-Burgos, 2016).

2.7. Condition index

Condition index (CI) was calculated using ratio to the dry soft body
mass to shell volume as described elsewhere (Lobel et al., 1991). Ten
mussels were randomly selected per each treatment group, and their
total mass, whole body soft tissue mass, shell length, shell width and
shell height were recorded. Dry tissue mass was calculated based on
the percentage of the water in the soft body mass in each group. The
CI was calculated as follows:

Cl = DW/SV,

where DW is the dry mass of the whole soft tissue (mg) and SV is the
shell volume (cm?) calculated as shell length x shell width x shell
height (in cm). The tissue water content was determined in five ran-
domly selected mussels from each experimental treatment group as
the difference in the wet and dry soft body mass (the latter determined
after drying at 60 °C for 72 h until the constant mass).

2.8. Statistical analyses

Shapiro-Wilk test and Levine's test were used to test for normal-
ity of the data distribution and the homogeneity of variances, respec-
tively. Statistical outliers were detected by the box-and-whiskers
plots and discarded from the further analyses. There was no pattern
of outlier distribution among different treatment groups and 0-3
outliers per group were detected. For the data deviating from the
normal distribution, Box-Cox transformation was used. The effects
of salinity regime, Zn exposures and their interactions on bioener-
getics traits, condition index, tissue water content and metabolite
concentrations were tested by two-way ANOVA. Salinity regime
and Zn exposure were treated as fixed factors with three levels
each. The post-hoc Tukey's Honest Significant Differences (HSD)
test was used to test for significant differences between the pairs of
means of interest. Normalized, Box-Cox transformed data were sub-
jected to the principal component analysis (PCA) to reduce the di-
mensionality of the data set and identify the potential biomarker
signatures of different experimental exposures. Discriminant analy-
sis with stepwise module was performed to assess the ability of the
studied biomarkers to distinguish between the different treatment
groups. Statistical analyses were performed using IBM® SPSS® Sta-
tistics ver. 22.0.0.0 (IBM Corp., Armonk, NY, USA). Data are expressed
as means =+ the standard error of the mean unless indicated other-
wise. Differences were considered significant if P < 0.05.



M.N. Noor, F. Wu, E.P. Sokolov et al.

Science of the Total Environment 774 (2021) 145195

=1 Control =2 nZnO - 72
A Condition index B % tissue water R

165 — 100 L
o ] * i
§ 395 a g
bet a a k] a
g 104 a a a a g
E 1 a a g 90 a a a a
2 ] b @ a
T ] @
= =
E ] 285
G

0- 80

NS LS FS
Salinity regime

C Lipids

mg g™ wet mass

NS LS FS
Salinity regime
E Protein
60
a
13
& a a a
£ 401 a 7 a 2
° a b
2
‘D 204
o
E
0_
NS LS FS
Salinity regime

NS LS FS
Salinity regime

umol g wet mass

E,, kJ-g"

Es/Ec, days

150+

-
o
T

o
o
1

NS

LS FS

Salinity regime

Carbohydrates

NS

LS FS
Salinity regime

Energy reserves

NNNNNNNNNNNNNN\N

NS

NS

ONNNNNNNNNN\N
NNNNNNNNNN\\N

LS FS
Salinity regime

CEA

LS FS

Salinity regime

Fig. 1. Effects of salinity acclimation and exposure to different forms of Zn (100 ug 1) on physiological and bioenergetics parameters in the whole soft tissues of the blue mussels M. edulis.
Salinity regimes: NS — salinity 15, LS — salinity 5, FS — fluctuating salinity between 15 and 5. Different letters indicate values that are significantly different between different salinity
regimes within the same Zn exposure group (P < 0.05). Please note that the comparison of the means among different salinity treatments is confined to a single Zn treatment group
(i.e. within the control, nZnO-exposed or Zn?"-exposed groups); therefore, the letters marking different Zn treatment groups cannot be compared to each other. Asterisks indicate
values that are significantly different between different Zn treatments within the same acclimation salinity (P < 0.05). A — body condition index, B — soft tissue water content (%),
C-E — tissue concentrations of lipids, carbohydrates and proteins, and F — total energy content of the soft tissues. N = 4-5 for the tissue water content, N = 10 for all other traits.
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3. Results
3.1. Condition index

Exposure to low and fluctuating salinity led to a decrease in the con-
dition index of M. edulis from 8.8 mg cm™> under the normal salinity re-
gime to 6.2 and 5.0 mg cm > in the low and fluctuating salinity,
respectively (Fig. 1A). This decline was significant at the fluctuating
but not low salinity (Table 1; Fig. 1A). Exposure to nZnO or dissolved
Zn had no effect on the Cl under the normal and low salinity conditions,
but mitigated the negative effects of osmotic stress under the fluctuat-
ing salinity regime, so that the condition index in the nZnO- and
Zn?*-exposed mussels acclimated to the fluctuating salinity (9.0 and
8.3 mg cm >, respectively) were similar to the Cl of the control mussels
(8.8 mgcm3).

3.2. Water content

The body water content of the mussels was 88-89% at the normal sa-
linity (Fig. 1B). Exposure to the low or fluctuating salinity led to an in-
crease in the body water content to 92-93%. Under the low salinity
regime, this increase was found in all Zn treatment groups. Under the
fluctuating salinity regime, an increase in the body water content was
only found in the control mussels, but not in those exposed to nZnO
or dissolved Zn (Fig. 1B).

3.3. Whole-organism energy status

Acclimation salinity and Zn exposure had no effect on the tissue lipid
content of M. edulis except for a modest but statistically significant in-
crease in nZnO-exposed group at normal salinity (Table 1, Fig. 1C).
The tissue levels of carbohydrates significantly decreased in the control
mussels (but not in their counterparts exposed to nZnO or dissolved Zn)
exposed to low salinity (Fig. 1D). Fluctuating salinity had no effect on
the tissue carbohydrate content of the mussels, regardless of the Zn ex-
posure regime (Fig. 1D). Protein concentrations remained stable in the
tissues of the mussels regardless of the acclimation salinity or Zn expo-
sure (Fig. 1E). Overall, the total energy content of the mussels' body was
lower in nZnO-exposed mussels at low and fluctuating salinity com-
pared with their counterparts exposed to the normal salinity, albeit
this decrease was only statistically significant in the fluctuating salinity
group (P < 0.05) (Fig. 1F). Similarly, the whole-body activity of the mi-
tochondrial electron transport system (ETS) was suppressed by nZnO
exposure in the mussels acclimated at low or fluctuating salinity albeit

Table 1

ANOVA: effects of acclimation salinity and Zn exposure on the whole-body bioenergetics
traits and water content of M. edulis.

F values with the degrees of freedom for the effect and the error (in subscript) and P-
values are given. Significant effects are highlighted in bold.
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this trend was only statistically significant at the low salinity (Fig. 1G).
Salinity and Zn exposure had no effect on the CEA index in M. edulis
(Fig. TH).

3.4. Mitochondrial activity

The baseline respiration of the isolated mitochondria (indicative of
the proton leak) was not affected by the acclimation salinity or Zn expo-
sure (Tables 2, 3). OXPHOS activity was suppressed in the mitochondria
of the mussels exposed to dissolved Zn but not in those exposed to nZnO
(Table 4). This was reflected in a lower coupling efficiency of OXPHOS in
the mitochondria from the mussels exposed to dissolved Zn (Table 3).
ETS activity followed a trend similar to OXPHOS (Table 3). CCO activity
(and as a consequence, the reserve CCO capacity) was higher in the mi-
tochondria from M. edulis acclimated at low salinity (5) compared to
their counterparts kept at the normal (15) or fluctuating (5-15) salinity
(Table 3). Reserve ETS capacity was the highest in the mussels main-
tained at the fluctuating salinity compared to other salinity acclimation
groups (Table 3).

3.5. Anaerobic end products

Exposure to low salinity (5) led to a strong accumulation of succi-
nate in the tissues of M. edulis indicating onset of anaerobic metabolism
(Table 4, Fig. 2). This trend was found in the control and nZnO-exposed
mussels (but not in those exposed to dissolved Zn) under the low salin-
ity regime (Fig. 2). Notably, succinate accumulation was also observed
during transition from salinity 15 to salinity 5 in the fluctuating salinity
regime, with an ~27-fold increase (from 0.06 & 0.01 umol g~ to 1.73 +
0.20 umol g~ ! at salinity 15 and 5, respectively; P < 0.05) in succinate
content within 22 h of salinity change. Succinate content of the tissues
of mussels collected at salinity 15 under the fluctuating salinity regime
did not differ from that of the mussels constantly maintained at salinity
15 (Fig. 2).

3.6. Total FAA content

Exposure to low and fluctuating salinity led to a significant decrease
of the total FAA content of the mussels' soft tissues from ~26 pmol g~

Table 2

ANOVA: effects of the acclimation salinity, Zn exposure and their interactions on the bio-
energetics traits of isolated mitochondria from the digestive gland of M. edulis.

Values of F with degrees of freedom for the effect and the error (in subscript) and P values
are given. Significant effects (P < 0.05) are highlighted in bold. Oxygen consumption
(MO,) of the mitochondria in different states (resting representative of the proton leak,
phosphorylating, uncoupled ETS and CCO) were measured in pmol O, min~! g ! mito-
chondrial protein. Reserve ETS capacity and reserve CCO capacity were calculated as the
ratio of the ETS/OXPHOS flux and CCO/OXPHOS flux, respectively. OXPHOS and electron
transport coupling efficiency were calculated as described elsewhere (Doerrier et al.,
2018). PL — proton leak, CE — coupling efficiency.

Parameters Salinity Zn treatments Salinity * Zn Mitochondrial traits Salinity Zn exposure Salinity * Zn exposure
Protein content F279 = 349 F279 = 0.71 Fa79 = 233 Resting (PL) MO, Fa49 = 1.17 Fy49 = 2.38 Fa49 = 0.30
P = 0.035 P = 0.496 P = 0.063 P = 0319 P = 0.103 P = 03875
Carbohydrate content F,, 77 = 0.641 Fp77 = 1.393 F377 = 3.26 OXPHOS MO, Fy49 = 0853  Fp49 = 456  F449 = 061
P = 0.530 P = 0.254 P = 0.016 P = 0432 P = 0.015 P = 0.657
Lipid content Fo77 = 4.22 F277 = 6.39 Fa77 = 542 ETS MO, Fy40 = 0.04 Fouo = 251  Fau9 = 1.13
P = 0.018 P = 0.003 P = 0.001 P = 0958 P = 0.092 P = 0353
Total energy reserves Fog1 = 7.21 Fz81 = 5.33 F451 = 1.20 CCO MO, Fya9 = 7.25 Fo49 = 1.76 F449 = 0.45
P = 0.001 P = 0.007 P = 0317 P = 0.002 P = 0.183 P = 0.769
Cellular energy allocation Fz79 = 3.35 F279 = 2.90 Fa79 = 147 Reserve CCO capacity ~ Fp49 = 5.16 Foa0 = 477  Fyu9 = 240
P = 0.040 P = 0.061 P = 0.221 P = 0.009 P = 0.013 P = 0.062
Condition index Fo81 = 7.79 F251 = 8.40 Fas1 = 4.50 Reserve ETS capacity F249 = 3.88 Faa9 = 1.32 Fa40 = 1.21
P = 0.001 P = 0.000 P = 0.002 P = 0.027 P = 0.276 P = 0320
% water content Fy33 = 1343 Fz33 = 6.50 F433 = 2.50 OXPHOS CE Fy43 = 293 Fo43 =479  F443 = 1.58
P = 0.000 P = 0.004 P = 0.061 P = 0.064 P = 0.013 P = 0.198
ETS Fa70 = 3.74 Fa70 = 5.02 Fy70 = 1.39 ET CE Fou = 238 Four = 273 Faup = 2.10
P = 0.028 P = 0.009 P = 0.244 P = 0.105 P = 0.077 P = 0.097
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Table 3

Effects of acclimation salinity and Zn exposure on mitochondrial bioenergetics of M. edulis.

Mitochondria were isolated from the digestive gland tissue of M. edulis exposed to different salinity and Zn regimes. Oxygen consumption (MO,) of the mitochondria in different states
(resting representative of the proton leak, phosphorylating, uncoupled ETS and CCO) were measured in umol O, min~—! g~! mitochondrial protein. Reserve ETS capacity and reserve CCO
capacity were calculated as the ratio of the ETS/OXPHOS flux and CCO/OXPHOS flux, respectively. OXPHOS and electron transport coupling efficiency were calculated as described else-
where (Doerrier et al., 2018). PL — proton leak, CE — coupling efficiency. N = 6.

Normal salinity Low salinity Fluctuating salinity

C nZnO u C nZnO Zn*t C nZnO Zn*+
Resting (PL) MO, 447 £+ 1.00 3.81 £ 0.81 3.79 £ 0.85 3.86 + 0.25 3.86 + 043 2.62 £+ 0.35 3.69 £+ 0.58 3.65 £+ 0.27 2.75 £+ 0.26
OXPHOS MO, 7.62 £ 2.28 7.18 £+ 1.98 6.13 £ 1.57 8.50 £+ 0.98 8.11 £ 1.31 4.57 + 0.70 5.75 £ 0.85 7.85 £+ 0.97 3.96 £+ 0.26
ETS MO, 1123 £ 340 794 4+ 197 8.30 + 2.14 1032 + 086 11.55 + 1.58 6.70 & 10.2 8.68 + 0.91 11.87 + 1.50 8.00 £ 0.83
CCO MO, 2579 £ 6.29 2856 + 446 2627 +3.87 3146 £+ 224 4212 £ 2.69 3348 +£ 488 2486 + 1.93 26.69 + 346 23.57 + 1.62

Reserve ETS capacity ~ 1.48 + 0.14 1.20 + 0.15 137 + 0.10 1.24 + 0.05 1.46 + 0.09 152 + 0.22 1.57 + 0.19 1.52 + 0.09 2.04 + 0.21
Reserve CCO capacity  2.54 4+ 0.25 4.06 + 0.45 3.64 + 043 3.10 £ 0.21 3.89 + 041 5.40 + 1.00 3.09 + 0.58 227 £ 0.14 3.26 £ 0.35
OXPHOS CE 0.26 + 0.05 0.30 + 0.12 0.21 + 0.09 0.55 + 0.05 0.44 + 0.08 0.23 + 0.08 0.25 + 0.28 0.46 + 0.07 0.17 + 0.03
ET CE 0.53 + 0.05 0.54 + 0.07 0.39 + 0.07 0.64 + 0.02 0.62 + 0.05 0.47 + 0.06 0.49 + 0.08 0.64 £+ 0.05 0.61 £+ 0.02

wet mass at salinity 15 to ~11 pmol g~! wet mass at salinity 5, and (but not nZnO) led to a decrease in the total FAA content (Fig. 4A). At
~19 umol g~! wet mass at the fluctuating salinity (5-15) (Table 4, low or fluctuating salinity, Zn exposure had no effect on the total FAA
Figs. 3 and 4A). At the normal salinity (15), exposure to dissolved Zn concentrations in the mussels' tissues (Fig. 4A).
Acclimation to low salinity led to a considerable rearrangement of
the FAA composition in the mussels' tissues and an increase in the
Table 4 o o o ) ) FAA diversity (indicated by the higher value of the Shannon-Wiener
ANOVA: Effects of the a}ccllm@tlon sallplty, Zn exposure and their interactions on the tissue index H) (Fig. 3). In control and nZnO—exposed mussels maintained at
levels of FAA and succinate in M. edulis. A L. .. . R
Values of F with degrees of freedom for the effect and the error (in subscript) and P values the fluctuating salinity, the composition and diversity of the FAA pool
are given. Significant effects (P < 0.05) are highlighted in bold. was similar to those kept under the normal salinity (15) (Fig. 3). In all
salinity regimes, exposure to dissolved Zn changed the composition of

Metabolites Salini Zn exposure Salinity * Zn exposure . . .
v P Y P the FAA pool (most notably, decreasing the fraction of Gly and increas-
Total FAAs Fazs = 12512 Fp75 = 1959 Fyps = 3.96 ing the proportion of Ile) compared to the control or nZnO-exposed
P < 0.001 P < 0.001 P = 0.006 Is at th linit (F' 3
Asparagine Fozs = 5623  Fpzs = 349  Fyz = 146 mussels at the same salinity (Fig. 3).
P < 0.001 P = 0.036 P = 0.224
Aspartate F77 = 13140 F,77 = 49.79 F,7; = 644
P < 0.001 P < 0.001 P < 0.001 : :
Serine Fros = 5244  Fpro— 574  Fars = 3.14 3.7. Free amino acids content
P < 0.001 P=10005 P=0019 o o N ] o
Alanine Faso = 1234  Fpgo = 1389 Fug = 0.56 Acclimation salinity, Zn exposure and their interactions had signifi-
P < 0.001 P < 0.001 P = 0695 cant effects on the tissue levels of most studied FAAs (Table 4). For all
Glycine Faz7 = 16839  Fp77 = 2440 Fy77 =373 FAAs (except Asn, Ala, Arg and Met), the effect of the Salinity x Zn expo-
P <0001 P <0001 P =0.008 re interactions was significant indicating that Zn ex re has differ
Glutamine F27o = 1036 Frs9 = 248  Fyzo = 3.30 Sure interactions was significa cating that Zn exposure nas ditier-
P < 0.001 P = 0.090 P = 0.015 ent effects on FAA content depending on the acclimation salinity
Threonine Fo76 = 5.04 Fy76 = 073  Fa76 = 6.12 (Table 4).
P = 0.009 P = 0.485 P < 0.001
Methionine sulfoxide Fy75 = 12.10 F275 = 1084 F475 = 7.55
P < 0.001 P < 0.001 P < 0.001 B
Glutamate Fozo = 1947  Frjo = 045  Faze = 4.59 Succinate
P < 0.001 P = 0.640 P = 0.002 *
Proline Fa75 = 3.36 Fa7s = 047  Fa75 = 898 —
P = 0.040 P = 0624 P < 0.001 250+ b c |
Lysine Foro =961  Fpjo=199 Fase = 3.72 = = Contro
P < 0.001 P = 0.144 P = 0.008 n 200 Za nZnO
Histidine Fa76 = 9.95 F276 = 6.55  F476 = 3.53 & i
P < 0.001 P=0002 P=0011 E 150- * . 7n
Arginine Fos0 = 12.34 Fag0 = 13.89 Fs50 = 0.56 0;3 I 1
P < 0.001 P<0001  P=—0695 = 200~ b
Valine Fa7s = 3.73 F278 = 619  Fy75 = 3.65 ‘o ;
P = 0.028 P=0003  P=0009 2 g 2 a %
Methionine Fa77 = 2470  Fy77 =134  F477 = 1.60 a 4 a 5 = 4
P < 0.001 P = 0.269 P = 0.184 a _ 7 [ -
Tyrosine F,73 = 4.88 Fy78 = 1.23 Fa78 = 443 0 T T
P = 0.010 P = 0297 P = 0.003 NS LS FS
Isoleucine F,73 = 8.83 Fy78 = 1.28 Fs78 = 491 Sa||n|ty regime
P < 0.001 P =0.283 P = 0.001
Leuci F = 5.57 F =222 F. = 3.46
eucine P2'7=4 0.006 PZ': 0115 P‘l’: 0.012 Fig. 2. Effects of salinity acclimation and exposure to different forms of Zn (100 pg 1=") on
. - - - succinate content in the whole soft tissues of the blue mussels M. edulis. Salinity regimes:
Phenylalanine F,77 = 20.10 F,,; = 745 F477 = 4.80 L. .. . . X
y " e NS — salinity 15, LS — salinity 5, FS — fluctuating salinity between 15 and 5. Different
P < 0.001 P = 0.001 P = 0.002 . S . . i .
_ _ _ letters indicate values that are significantly different between different salinity regimes
Tryptophan F273 = 30.24 F273 = 27.62 F473 = 6.54 . .
within the same Zn exposure group (P < 0.05). Please note that the comparison of the
P < 0.001 P < 0.001 P < 0.001 . . . .
. - _ _ means among different salinity treatments is confined to a single Zn treatment group
Taurine Fy78 = 0.35 F278 = 1082 F478 = 7.69 . o 24
T i ’ (i.e. within the control, nZnO-exposed or Zn“"-exposed groups); therefore, the letters
P = 0.707 P < 0.001 P < 0.001 . . .
. marking different Zn treatment groups cannot be compared to each other. Asterisks
Succinate F74 = 46.57 F274 = 23.09 F474 = 16.14 indicate values that that are sienificantly different bet dif t 7n treat ¢
P < 0.001 P < 0.001 P < 0.001 indicate values that that are significantly different between different Zn treatments

within the same acclimation salinity (P < 0.05). N = 8-10.
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Control

NS

26.85 pmole g'1
H=1.97

LS

10.69 umole g'1
H=2.54

FS

19.36 umole g'1
H=1.96

nZnO

25.72 pmole g™
H=1.87

10.94 pmole g™
H=2.48

21.28 ymole g™
H=1.82
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Zn%*

Gly
Asp
Glu
Ala
Arg
Ser
Tau
GIn
Lys
Thr
His
Pro
lle
Val
Leu
Phe
Asn

19.90 pmole g™
H=2.11

U
-
2

Tyr
Met

7.94 pmole g’1
H=2.55

15.12 ymole g
H=2.33

Fig. 3. Effects of salinity acclimation and exposure to different forms of Zn (100 pg 1~!) on amino acid composition in the whole soft tissues of the blue mussels M. edulis. Salinity regimes:
NS — salinity 15, LS — salinity 5, FS — fluctuating salinity between 15 and 5. A total concentration of free amino acid and amino acid diversity index (H) are given under each pie chart. The
charts are based on the mean values for each experimental treatment group (N = 8-10 per group).

Out of nine studied non-essential amino acids, the concentrations of
five (Asn, Asp, Glu, Gly, and Ser) decreased in the mussels exposed to
low salinity (Fig. 4C, D, E, F, G), whereas the tissue content of Ala, Tyr,
GIn and Pro did not change (Fig. 4B, H, I, J). Unlike non-essential FAAs,
acclimation to the low salinity (5) had no effect on the tissue levels of
the ten studied essential amino acids (Fig. 5). Acclimation at the fluctu-
ating salinity regime led to a modest decline in the total FAA levels in the
mussel tissues reflecting a decrease in the concentrations of non-
essential (Gly, Tyr) and essential (Ile, Leu, Phe and Trp) amino acids
(Fig. 4FH, and 5C, D, G, I). Tissue levels of taurine increased in the mus-
sels exposed to low and fluctuating salinity stress but this trend was
only statistically significant (P < 0.05) at low salinity (Fig. 4K).

Methionine sulfoxide (MetO), a product of oxidation of Met, decreased
in the mussels acclimated under the fluctuating (but not under the con-
stantly low) salinity regime compared with those kept at the normal sa-
linity (Fig. 4L).

Exposure to nZnO did not affect the tissue levels of FAAs in a consis-
tent manner except for an increase in the Asp levels in nZnO-exposed
mussels (Fig. 4D). This trend was statistically significant (P < 0.05)
under the normal and fluctuating salinity but not under the constantly
low salinity regime. With regard to other FAAs, the effects of the nZnO
exposure were modest and strongly salinity-dependent. Thus, under
the normal salinity (15) conditions, Glu, Phe, and Trp content decreased
in response to nZnO exposures (Figs. 4, 5). These trends were not
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observed in the mussels kept under the low or fluctuating salinity.
Levels of all other studied FAAs did not change in response to nZnO. Tis-
sue levels of MetO tended to decrease in nZnO-exposed mussels
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compared to their control counterparts but this tendency was only sig-
nificant under the normal salinity regime (Fig. 4L).

Unlike nZnO, exposure to dissolved Zn affected tissue levels of mul-
tiple FAAs (Fig. 4A, F). The most consistent patterns were shown by Gly
(decreasing in Zn?>*-exposed mussels at all studied salinity regimes),
Phe and Trp (decreasing in Zn?*-exposed mussels at the normal and
fluctuating salinity) and Tau (increasing in Zn?"-exposed mussels at
the normal and fluctuating salinity) (Figs. 4F, K and 5G, I). Furthermore,
under the normal salinity conditions exposure to dissolved Zn led to a
decrease in Ala and His (Figs. 4B, 5B), whereas under the fluctuating sa-
linity conditions exposure to dissolved Zn led to the elevated levels of
Pro, Thr and Val (Figs. 4], 5H, ]). Under the low salinity regime, dissolved
Zn exposure had no effect on the FAA levels in the mussels' tissues
(Figs. 4, 5). Tissue levels of MetO declined in Zn?>"-exposed mussels at
the normal and low salinity and increased under the fluctuating salinity
regime (Fig. 4L).

3.8. Data integration

The principal component (PCA) and discriminant analysis based on
the integrated biomarker profile showed a strong differentiation of the
groups acclimated to the low salinity (LS) from those maintained
under the normal (NS) and fluctuating (FS) salinity, as well as clear sep-
aration of the NS and FS groups (Fig. 6). The PCA analysis identified two
first principal components (PCs) jointly explaining 49% of the variation
in the biomarker levels. The 1°* PC (29% variation) separated the NS and
FS groups (Fig. 6A) and had high loadings of the concentrations of es-
sential FAAs His, Arg, Val, Met, lle, Leu, Phe, and Trp as well as Asp,
Tyr, and MetO (Fig. 6B; Supplementary Table 2). The 2™ PC (20% varia-
tion) separated the LS-exposed mussels from the other two experimen-
tal groups (Fig. 6A) and had high loadings of anaerobic metabolism
markers (Asp, succinate and total carbohydrate levels) as well as Ser,
Gly, Lys, and Tau (Fig. 6B; Supplementary Table 2). The discriminant
analysis showed high Mahalanobis distances between the LS and NS
(D? = 302) and the LS and FS (D? = 332) groups, and a smaller distance
(D? = 41) between the LS and NS groups, consistent with the PCA anal-
ysis. The traits that significantly contributed to the discriminant model
(P < 0.05) separating the groups included concentrations of Gly, Asp,
Ser, Phe, MetO, as well as succinate and AMP (Supplementary Table 3).

Effects of the Zn treatment on the integrated metabolite biomarker
profile of the mussels (as revealed by the PCA and discriminant analy-
sis) strongly depended on the acclimation salinity regime (Figs. 7, 8,
and 9). Generally, the biomarker profiles clearly separated the three ex-
perimental groups (control, nZnO and dissolved Zn exposures) under
the normal salinity regime (Fig. 7A) but not under the low (Fig. 8A) or
fluctuating (Fig. 9A) salinity.

Under the normal (15) salinity regime, the metabolite profiles of the
control group separated from the nZnO- and Zn?"-exposed groups
along the 1% principal component axis explaining 27% of the total vari-
ation and mostly associated with the whole-body levels of Ala, Gly, Thr,
Pro, His, Val, Tyr, lle, Leu, Phe, Try and MetO (Fig. 7B). The group ex-
posed to dissolved Zn was associated with the higher levels of these bio-
markers compared to the nZnO-exposed and control groups (Fig. 7A).
The nZnO exposed group was separated from other experimental

Fig. 4. Effects of salinity acclimation and exposure to different forms of Zn (100 ug 1!) on
the tissue levels of the putative non-essential amino acids and amino acid derivatives in
the blue mussels M. edulis. Salinity regimes: NS — salinity 15, LS — salinity 5, FS —
fluctuating salinity between 15 and 5. Different letters indicate values that are
significantly different between different salinity regimes within the same Zn exposure
group (P < 0.05). Please note that the comparison of the means among different salinity
treatments is confined to a single Zn treatment group (i.e. within the control, nZnO-
exposed or Zn?"-exposed groups); therefore, the letters marking different Zn treatment
groups cannot be compared to each other. Asterisks indicate values that are significantly
different between different Zn treatments within the same acclimation salinity
(P < 0.05). A — total FAA content; B-] — concentrations of different proteinogenic amino
acids, K — taurine, L — methionine sulfoxide. N = 8-10.
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Fig. 9. Principal component analysis (PCA) and discriminant analysis biplots integrating all measured biomarkers of M. edulis from different Zn treatment group acclimated at the fluctuating salinity (5-15). Experimental treatment groups: C —
indicate the Mahalanobis distance between the respective groups.
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groups along the 2" PC axis (explaining 18% of the data variation) that
had high positive loadings of the body levels of Asp and Tau and high
negative loadings of the Asn, Ser, Gln, Lys and total protein levels
(Fig. 7B; Supplementary Table 4). The discriminant analysis indicated
the highest Mahalanobis distance (D?> = 885) between the control
and Zn?>"-exposed groups, whereas the distances between the nZnO-
exposed groups and two other treatments were 274-388 (Fig. 7C).
The biomarkers significantly contributing to the discriminant function
between the control, nZnO and Zn?"-exposed groups under the normal
(15) salinity regime included the whole-body concentrations of Val,
Leu, Phe, Try, Tau, MetO, citrate, malate, lipid and protein content, as
well as the ETS activity (Supplementary Table 5).

The PCA analysis of the metabolite profiles in the mussels acclimated
to low (5) salinity identified two PCs jointly explaining 38% of the data
variation (Supplementary Table 6). Under the low (5) salinity regime,
the metabolite profiles of the control group separated from the Zn?"-
exposed group along the 1° principal component axis explaining 21%
of the total variation and associated with the body levels of Asp, Gly,
Gln, Lys, His, Arg, Val, Ile, Phe and Try (Fig. 8B). Most of these markers
(except Asp and Gly) were higher in the Zn?>"-exposed group (Fig. 8B;
Supplementary Table 6). The position of the control and nZnO-
exposed groups showed considerable overlap in the plane of the two
first principal components (Fig. 8A). The discriminant analysis indicated
the highest Mahalanobis distance (D?> = 6922) between the control and
Zn**-exposed groups, followed by the distance between the nZnO-and
Zn?" exposed groups (D?* = 4311) (Fig. 8C). The control and nZnO-
exposed groups were less differentiated (D* = 968). The biomarkers
significantly contributing to the discriminant model under the low
(5) salinity regime included the whole-body concentrations of Asp,
Ser, Val, Ile, Leu, Try, Glu, Tyr, Phe, Asn, Lys, Met, MetO, citrate, 2-
oxoglutarate, AMP, the total lipid content, and the ETS activity (Supple-
mentary Table 7).

The PCA analysis of the metabolite profiles in the mussels accli-
mated to the fluctuating (5-15) salinity identified two PCs jointly
explaining 45% of the data variation (Fig. 9A, Supplementary
Table 8). Under the fluctuating (5-15) salinity regime, the metabo-
lite profiles of the control and nZnO-exposed groups overlapped
(Fig. 9A). The position of the Zn?*-exposed group (except a single
sample) was shifted towards the negative values of the 2" PC
(Fig. 9A). The 1°* PC had high loadings of the body concentrations
of Ala, Thr, Pro, His, Val, Tyr, Leu, Try, Tau and MetO, and PC2 had
high loadings of Asn, Ser, Gln, Lys, Met, Ile, Phe and Tau (Fig. 9B; Sup-
plementary Table 8). The discriminant analysis showed a broad
spread within each experimental group with modest Mahalanobis
distances (D? = 10-54) between all groups (Fig. 9C). Under the fluc-
tuating salinity regime, the biomarkers significantly contributing to
the discriminant model included the whole-body concentrations of
Asp, lle, Val and Met (Supplementary Table 9).

4. Discussion

Our study showed that exposure to low (5) or fluctuating (5-15) sa-
linity affected the physiological condition, energy metabolism and ho-
meostasis, as well as amino acid metabolism in a euryhaline marine
bivalve M. edulis. Impacts of nZnO and dissolved Zn on the energy and
amino acid metabolism were relatively mild and most pronounced
under the normal salinity regime. Except for a few studied metabolic
traits (including the body lipid content, ETS activity, and concentrations
of Asp and Glu), the effects of dissolved Zn were similar or stronger than
the effects of nZnO. Generally, the metabolic biomarker profiles could
distinguish the nZnO and Zn?* exposed groups from the controls
under the normal salinity conditions (15) but this diagnostic ability
was lost in the mussels exposed to the low or fluctuating salinity
reflecting the dominant effects of the osmotic stress on the mussels’
physiology compared with the effects of the environmentally relevant,
low concentrations of dissolved and nanoparticulate Zn.
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4.1. Effects of salinity regime on the physiological condition and energy sta-
tus of the mussels

Physiological condition of a euryhaline marine bivalve M. edulis was
robust against the osmotic stress. The body condition index (CI) remained
unchanged in the mussels exposed for three weeks to chronically low sa-
linity (5), while a modest decrease in CI under the fluctuating salinity con-
ditions reflected an increase in the body water content rather than a
major loss of the body mass. Aerobic metabolism of M. edulis was also un-
affected by osmotic stress under the conditions of our present study. Thus,
the ETS activity (a composite index of the mitochondrial abundance and
respiratory capacity) of the mussels' body did not change under the con-
ditions of low or fluctuating salinity. The lack of the whole-body ETS re-
sponse to osmotic stress was supported by the studies of the isolated
mitochondria. Thus, the mitochondrial proton leak (indicative of the mi-
tochondrial activity needed to counteract all futile proton and cation cy-
cles and to maintain the membrane potential in resting mitochondria)
as well as OXPHOS capacity were similar in the mussels' mitochondria re-
gardless of the acclimation salinity regime. The OXPHOS and ETS coupling
efficiency also remained unchanged under different salinity conditions.
Interestingly, activity of cytochrome c oxidase (CCO), the terminal oxidase
of the ETS, increased in the mussels acclimated to chronically low salinity.
The physiological implications of this increase are not clear because CCO
has a relatively high excess capacity (~2-4-fold higher than the activity
of the ETS) and thus is unlikely to be a rate-controlling enzyme under
the conditions of this study. Studies indicate that the apparent CCO capac-
ity of animal cells is tuned to support the periodical bouts of high ATP de-
mand (Gnaiger et al., 1998a; Gnaiger et al., 1998b; Lemieux et al., 2017) so
that elevated CCO activity in low salinity-acclimated mussels might indi-
cate periods of high energy demand, possibly due to the needs of osmo-
regulation during hypoosmotic stress.

Hypoosmotic stress led to onset of anaerobic metabolism in the mus-
sels as indicated by strong accumulation of an anaerobic end product, suc-
cinate, and depletion of the glycolytic substrates (glycogen and aspartate)
in the mussels exposed to low salinity (5). Accumulation of succinate and
depletion of aspartate were also found in M. edulis during the low salinity
(5) phase of the fluctuating salinity regime (Supplementary Table 1) indi-
cating a rapid onset of anaerobiosis during salinity downshift. This trend
was reversed during increase of salinity back to 15 (Supplementary
Table 1). Stimulation of anaerobic pathways during hypoosmotic stress
has also been reported for other bivalves including mytilids. Thus, in
Mytilus galloprovincialis, hypoosmotic stress (salinity 19) suppressed the
activity of pyruvate kinase (PK), an enzyme that channels the glycolytic
substrate towards aerobic oxidation, compared to the mussels acclimated
at salinity 38 (De Vooys and Holwerda, 1986). In facultative anaerobes
such as bivalve mollusks, pyruvate kinase (PK) and phosphoenolpyruvate
carboxykinase (PEPCK) compete for a common substrate, phosphoenol-
pyruvate (PEP), at the so called PEP branch point, with PK channeling
PEP to aerobic oxidation via formation of pyruvate and PEPCK converting
PEP to oxaloacetate that eventually leads to anaerobic succinate produc-
tion by the mitochondrial fumarate reductase (Bayne, 2017; Saz, 1971;
Zammit and Newsholme, 1978). The suppression of PK under
hypoosmotic stress thus would favor anaerobic metabolism of carbohy-
drates resulting in the succinate production (Bayne, 2017; Saz, 1971;
Zammit and Newsholme, 1978). Overall, onset of partial anaerobiosis
under the hypoosmotic stress (salinity 5) in our present study indicates
transition into a bioenergetically unsustainable (pessimum) environmen-
tal range of the mussels (Sokolova, 2013; Sokolova et al., 2012) and is con-
sistent with the observations that salinity 5 is close to the tolerance limit
of M. edulis (Gosling, 1992).

4.2, Effects of nZnO and dissolved Zn on the physiological condition and en-
ergy status of the mussels

Effects of Zn-containing exposures on the body condition index and
energy (carbohydrates and lipids) reserves of the mussels varied
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depending on the acclimation salinity as shown by the significant inter-
actions between salinity and Zn exposure (P < 0.05). Exposure to nZnO
and dissolved Zn had a positive effect on the body condition under the
fluctuating salinity regime, preventing an increase in the body water
content (and the associated decrease in the body condition index)
caused by the fluctuating salinity. Under the normal and constant low
salinity, nZnO and dissolved Zn had no effect on the body condition
index. Effects of dissolved Zn on the cellular water transport has been
reported in animal model systems (such as Xenopus oocytes)
(Németh-Cahalan et al., 2007) and plants (Rygol et al., 1992; Sridhar
et al., 2007); however, to the best of our knowledge, no studies exist
for the mechanisms of Zn effects on water transport of marine inverte-
brates. Further studies are needed to determine the mechanisms of Zn
effects on intracellular osmoregulation and water transport in the mus-
sels and explain why these effects are only apparent under the fluctuat-
ing salinity regime.

Exposure to nZnO or dissolved Zn exposure had no effect on the
body levels of energy reserves of the mussels except a modest but statis-
tically significant increase of the body lipid content of nZnO-exposed
mussels at the normal salinity. These findings are in contrast to an ear-
lier study that found a decrease in the body energy reserves (glycogen in
winter and lipids in summer) during exposure to 100 pg 1~! of nZnO in
the Baltic Sea mussels (Wu et al., 2021). A decrease in the tissue lipid
and glycogen content was also reported in freshwater mussels Unio
tumidus exposed to 250 pg I~! of nZnO (Falfushynska et al., 2019b).
These findings indicate variable effects of nZnO on the energy reserves
of the mussels, even within the same species. Albeit the limited amount
of available data precludes broad generalizations, the observed nZnO ef-
fects on the energy reserves of the mussels were modest indicating that
exposure to environmentally relevant nZnO concentrations does not re-
sult in a major energy deficit in the mussels (this study; Falfushynska
et al., 2019b; Wu et al,, 2021).

Mitochondrial metabolism of the mussels was differently responsive
tonZnO and dissolved Zn exposures. Exposure to nZnO led to a decrease
in the whole-body ETS capacity in the mussels. A similar decrease has
been reported for M. edulis in other studies (Falfushynska et al., 2019c;
Wu et al., 2021). Interestingly, activity of isolated mitochondria was
not altered in the nZnO-exposed mussels (Wu et al., 2021; this study)
indicating that the observed drop in the whole-body ETS capacity re-
flects a decrease in the mitochondrial abundance rather than the quality
of the mitochondria. A study in the isolated mitochondria of rats
showed that treatment with nZnO inhibits mitochondrial respiration,
and leads to the elevated ROS production and collapse of the mitochon-
drial membrane potential (Li et al., 2012). However, in the latter study
high nZnO concentrations (5-50 mg 1~ ') were added directly to the mi-
tochondrial suspension (Li et al., 2012), and the physiological relevance
of this exposure route remains unclear. Unlike nZnO, exposure to dis-
solved Zn negatively affected the OXPHOS activity (indicative of the
ATP synthesis capacity) and OXPHOS coupling efficiency in the mito-
chondria of M. edulis. Zn is a known mitochondrial toxin negatively af-
fecting mitochondrial respiration and ATP synthesis in a variety of
animals including bivalves (Akberali and Earnshaw, 1982; Dineley
et al., 2003; Lemire et al., 2008; Pivovarova et al., 2014). Given a strong
mitochondrial toxicity of Zn?* and the lack of effects of nZnO, our study
indicates that intracellular release on Zn?" during nZnO exposures does
not achieve the threshold required to damage the mitochondrial func-
tions in M. edulis.

Unlike mitochondrial activity, anaerobic metabolism of the mussels
(assessed by succinate accumulation) was unaltered during exposures
to 100 pug 17! of nZnO. Under the normal and fluctuating salinity re-
gimes, dissolved Zn likewise has no effect on succinate accumulation,
whereas at the low salinity exposure to dissolved Zn suppressed succi-
nate accumulation. In mammals, Zn?* activate succinate dehydroge-
nase activity (Yamaguchi et al., 1981; Yamaguchi et al., 1982). If a
similar mechanism exists in bivalves, it might explain the reversal of
succinate accumulation caused by the hypoosmotic stress by exposure
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to dissolved Zn in M. edulis. To the best of our knowledge, no studies
have addressed the effects of Zn?* exposure on anaerobic glycolysis of
bivalves. In the Manila clam Ruditapes philippinarum, acute (48 h) expo-
sure to 20 ug 17! Hg?™ led to accumulation of succinate and lactate indi-
cating onset of partial anaerobiosis to compensate for insufficient
aerobic ATP production (Liu et al., 2011). Likewise, activation of glycol-
ysis (indicated by accumulation of succinate and lactate and depletion
of glycogen) was reported in the green mussels Perna perna exposed
to Cd (20 pg 1™1), Cu (50 pg I™"), or a mixture of these metals (Wu
and Wang, 2010). The lack of succinate accumulation in the blue mus-
sels exposed to 100 pg 1! of nZnO or dissolved Zn (this study) indicates
that these concentrations are within the tolerance range of the mussels
requiring no compensatory increase in anaerobic glycolysis (Sokolova,
2013). This notion is in line with the generally recognized lower toxicity
of Zn compared to Cd, Cu or Hg (Amiard et al., 1986; Jomova and Valko,
2011; Zalups and Koropatnick, 2010).

4.3, Effects of salinity regime on the FAA pool of the mussels

The free amino acids (FAAs) play important and multifarious roles in
physiology of marine invertebrates including mollusks as compatible
osmolytes, intermediaries in nitrogen excretion, energy sources, biosyn-
thetic precursors (e.g. in gluconeogenesis) and building blocks for pro-
teins. Therefore, shifts in the FAA profiles due to the abiotic stressors
such as salinity or pollutants can have major impacts on the energy me-
tabolism, nitrogen homeostasis and biosynthetic capacities of an organ-
ism. Our study indicates that acclimation to low salinity has a major
impact on the size and the composition of the FAA pool of the blue mus-
sels. This is also reflected in the strong differentiation of the metabolite
profiles of the low salinity-acclimated mussels from both the normal
and fluctuating salinity groups shown by the multivariate (PCA and dis-
criminant) analyses. The total concentration of FAAs in the mussels’
body decreased during acclimation to the low salinity reflecting the
need for isosmotic cell volume regulation (Berger and Kharazova,
1997; Yancey, 2005). This decrease was largely due to the loss of gly-
cine, a dominant amino acid in the FAA pool in M. edulis. As a result,
the molecular diversity of the amino acid pool increased in the mussels
acclimated to low salinity (to H ~ 2.5-2.6 compared with H ~ 1.9-2.1 at
salinity 15) reflecting greater evenness of the relative FAA concentra-
tions. Glycine is commonly used as a compatible osmolyte for isosmotic
cell volume regulation in marine osmoconformers including mussels
(Haider et al., 2019; Livingstone et al., 1979; Shumway et al., 1977;
Zurburg and De Zwaan, 1981). Thus, in M. edulis from the Atlantic
coast, an acute salinity downshift (32 — 10 or 30 — 15) led to a major
decrease in the tissues Gly content (Livingstone et al., 1979; Shumway
et al, 1977). Similarly, low-salinity acclimation of the sediment-
dwelling soft shell clam Mya arenaria led to an ~98% decrease in the
body Gly content, from ~1240 pg g~ ' body mass at salinity 15 to
<30 ug g~ ! body mass at salinity 5 (Haider et al., 2019). A decrease in
the concentrations of other, less abundant FAAs also contributes to the
overall decrease in the tissue osmolyte content during salinity down-
shift in bivalves including M. edulis, but these contributions are quanti-
tatively less important (Haider et al., 2019; Livingstone et al., 1979;
Shumway et al., 1977; this study).

The body content of most FAA (14 out of 20 studied, including all es-
sential amino acids) was preserved in the tissue of M. edulis acclimated
to the low salinity despite an ~2.5-fold decrease in the total FAA pool.
Likewise, in M. edulis from the Atlantic coast acclimated at the near-
ocean salinity (30—32), most essential FAAs were conserved during
acute hypoosmotic stress (salinity 15-10) except Thr and Arg that
showed a modest decline (Livingstone et al., 1979; Shumway et al.,
1977). The preferential conservation of essential FAAs during the salin-
ity downshift could minimize the potential negative effect of isosmotic
cell volume regulation under the lower salinity condition on biosyn-
thetic capacities (including the protein synthesis) of the mussels. Inter-
estingly, unlike the blue mussels, the Baltic soft-shell clams did not
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conserve essential amino acids (except Arg) during 15 — 5 salinity
downshift (Haider et al., 2019). This indicates that different species
and/or populations of bivalves employ different strategies to balance
the needs of osmoregulation and protein biosynthesis during
hypoosmotic stress.

Acclimation to the fluctuating salinity (5-15) resulted in a decrease
in the total concentration of the FAAs in the body of the Baltic M. edulis
to the levels intermediate between those of the normal and low salinity
groups. This decrease was mostly associated with the depletion of gly-
cine in the mussel tissues. However, unlike low salinity acclimation, ex-
posure to the fluctuating salinity led to a substantial (by ~50-60%)
decrease in the body content of several essential amino acids including
Leu, Ile and Phe in the body of M. edulis. It is worth noting that in our
present study the samples for the FAA analysis were taken near the
end of the high-salinity cycle of the fluctuating salinity regime (i.e.
~22 h after the 5 — 15 salinity upshift). Additional samples collected
at the end of the low salinity cycle (i.e. ~22 h after the 15 — 5 salinity
downshift) showed further significant decreases in the content of Asp,
Glu and Tyr, as well as multiple essential amino acids (Lys, Val, Ile,
Leu, Phe, and Try) in the mussels body (Supplementary Table 1).
These findings indicate that unlike the constantly low salinity, exposure
to fluctuating salinity might have a negative impact on protein biosyn-
thesis of the mussels due to the potential limitation of essential amino
acids.

4.4. Salinity-dependent effects of Zn on multibiomarker and FAA profiles of
the mussels

Effects of nZnO and/or dissolved Zn exposures on the
multibiomarker profile of the mussels were strongly dependent on the
salinity context as shown by the significant (P < 0.05) salinity x Zn ex-
posure interaction in ANOVA and the results of the multivariate analy-
ses. Generally, the effects of dissolved Zn exposures on the biomarker
profile of M. edulis were stronger than those on nZnO regardless of the
salinity regime. The differentiation of the biomarker profiles of the Zn-
exposed mussels from the control groups was pronounced at the nor-
mal salinity (15) and collapsed under the osmotic stress. Thus, the
PCA analysis showed minimal overlap of the control mussels with the
nZnO or Zn?* exposed groups under the normal salinity conditions,
whereas at the low salinity only Zn?"-exposed group was differentiated
from the other two, and under the fluctuating salinity conditions the
profiles of all three experimental groups overlapped (cf. Figs. 7A, 8A,
and 9A). Furthermore, different biomarkers contributed to the separa-
tion of the control, nZnO and Zn?*-exposed groups depending on the
salinity regime. Under the normal and constantly low salinity, multiple
biomarkers (12 and 19 at salinities 15 and 5, respectively, including con-
centrations of several amino acids, TCA cycle intermediates and bioen-
ergetic markers) significantly differentiated between the experimental
treatment groups. Under the fluctuating salinity regime, only Asp, Ile,
Val and Met concentrations contributed to the discriminant function
separating the treatment groups. These findings indicate that none of
the studied biomarkers is universally applicable for assessing the im-
pacts of nZnO or Zn?* exposures in the field populations of the mussels
as the nature of the responsive biomarkers as well as the degree of re-
sponse strongly depend on the ambient salinity.

Analysis of the changes in concentrations of individual FAAs sup-
ports the notion of the greater effects of dissolved Zn compared to
nZnO on the amino acid metabolism of the mussels, as well as a strong
dependence of these effects of ambient salinity. Generally, exposure to
nZnO had no consistent effects on FAA levels in M. edulis. Thus, there
was a modest but significant increase in Asp (at the normal and the fluc-
tuating salinity), as well as decreases in Glu, Phe and Trp content (at the
normal salinity only) in nZnO-exposed mussels, but no changes in the
levels of other FAAs. Unlike nZnO, exposure to 100 g 1~ of dissolved
Zn under the normal salinity (15) regime led to a depletion of several
essential and non-essential amino acids including the most abundant
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amino acid, Gly, as well as Ala, His, Phe, and Trp. Similar to salinity 15,
fluctuating salinity combined with dissolved Zn exposure led to a de-
crease in the tissue content of Gly in the mussels. Depletion of Gly was
also found in the Manila clam (R. philippinarum) exposed for 48 h to
20 pg 17! of Hg?™ (Liu et al., 2011) and in the green mussels Perna
perna exposed for 1-2 weeks to 20 pg 1=! of Cd*>* (Wu and Wang,
2010). Glycine and its derivatives are recognized as antioxidant and
cytoprotective compounds in animals (Pérez-Torres et al., 2017; Razak
et al,, 2017) that protect against toxicity of trace metals including Cd,
Co, Cu, Fe, As, Hg, Cr, and Pb (Heidari et al., 2018; Shafiekhani et al.,
2019). The mechanisms of the cytoprotective action of glycine are not
yet fully understood but are likely linked to its role as a precursor for
the synthesis of glutathione, an essential antioxidant and metal-
chelating agent in animals (Lu, 2013). Depletion of glycine in the bi-
valves exposed to dissolved Zn (this study), Hg?* (Liu et al., 2011) or
Cd?* (Wu and Wang, 2010) might thus indicate increased synthesis
of glutathione for metal detoxification. Furthermore, exposure to dis-
solved metals (including Hg, Cu, Ag and Cd) can suppress the
transepithelial transport (and therefore inhibit uptake) of glycine as
was shown in annelids Enchytraeus albidus and Hediste (Nereis)
diversicolor (Siebers and Ehlers, 1979). Therefore, depletion of glycine
in the tissues of Zn>* exposed mussels in our present study might re-
flect a combination of suppressed uptake and increased utilization of
this amino acid for detoxification purposes.

Tissue content of taurine was not affected by nZnO in M. edulis but
significantly increased during exposure to dissolved Zn at the normal
(15) and fluctuating (5-15) salinity. Taurine is an important osmolyte
in bivalves (Yancey, 2005), and this increase could osmotically compen-
sate for the loss of other FAAs in Zn?>*-exposed mussels. However, the
compensation was incomplete, as shown by the lower total FAA content
in Zn?" exposed mussels compared to their control counterparts. Alter-
natively, upregulation of taurine might be a protective mechanism
against mitochondrial damage and oxidative stress during Zn®" expo-
sures. In vertebrates including fish and mammals, taurine mitigates
metal toxicity and suppresses metal accumulation as was shown in
the goldfish exposed to cadmium (Choi et al., 2013) and in rats exposed
to zinc, cadmium, aluminum, mercury or lead (Agha et al.,, 2014; Flora
et al, 2004; Hwang and Wang, 2001; Yeh et al.,, 2009; Yeh et al,,
2011). Furthermore, taurine improves mitochondrial function, en-
hances ATP synthesis capacity and mitigates ROS production in a variety
of animals including bivalves (Hansen et al., 2010; Jong et al., 2012;
Sokolov and Sokolova, 2019). Upregulation of taurine (or its precursor
hypotaurine) has been found in marine mussels collected from a
metal polluted area (Kwon et al., 2012) or experimentally exposed to
metals (including cadmium, copper or mercury) in the lab (Liu et al.,
2011; Wu and Wang, 2010; Zhang et al., 2011). Interestingly, the tissue
levels of methionine sulfoxide (MetO) decreased in Zn?"-exposed mus-
sels (except under the conditions of the fluctuating salinity where MetO
levels in the Zn?"-exposed mussels were similar to the baseline). Me-
thionine sulfoxide is formed by the oxidation of the thiol group in me-
thionine and serves as a biomarker of the oxidative damage in the cell
(Cabreiro et al., 2006). A decrease in MetO levels during exposure to dis-
solved Zn might thus indicate less oxidative damage to the proteins,
possibly as a result of elevated levels of antioxidants such as taurine
and glutathione.

Acclimation to low (5) salinity disrupted the responses of the FAA
pool to nZnO and dissolved Zn in the mussels. Thus, unlike under the
normal or fluctuating salinity, at low salinity there was no decline in
Gly or increase in Tau in Zn?>*-exposed mussels compared to their con-
trol counterparts. Generally, the FAA levels in low-salinity acclimated
mussels were preserved regardless of Zn exposures. These data indi-
cate that the effects of extreme hypoosmotic stress (salinity 5, close
to the lower tolerance limit of M. edulis) may overshadow the rela-
tively minor impacts of sublethal exposures to metal-containing pol-
lutants, precluding reliable detection of the pollutant-induced
physiological stress.
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4.5. Conclusions and outlook

Environmental salinity regime strongly affects metabolic homeosta-
sis in a sentinel marine bivalve, the blue mussel M. edulis, and has strong
implications for the physiological and biochemical responses to
nanopollutants (nZnO) and dissolved Zn. Generally, fluctuating salinity
(5-15) appeared bioenergetically less stressful than constantly
hypoosmotic stress (salinity 5) in M. edulis indicating that even short
(24 h) periods of recovery might be sufficient to restore the metabolic
homeostasis in this euryhaline species. In our present study, the biolog-
ical effects of nZnO and dissolved Zn (assessed by multiple metabolic
biomarkers) became progressively less detectable as the salinity stress
increased. In mussels, environmentally relevant concentrations
(100 pg I~ ") of nZnO did not lead to strong disturbances in energy or in-
termediate metabolite homeostasis regardless of the salinity regime.
Exposure to similar concentrations of dissolved Zn suppressed the mito-
chondrial OXPHOS capacity and coupling as well as anaerobic metabo-
lism and modified the FAA profiles in mussels. These findings indicate
that nZnO is metabolically less damaging to the Baltic Sea mussels
than dissolved Zn. Similar to our present study, earlier research showed
that the biomarker responses to a variety of pollutants (including nano-
particles) can be modified by temperature (Falfushynska et al., 2015;
Falfushynska et al., 2019b; Falfushynska et al., 2018; Mdgica et al.,
2015; Wu et al,, 2021), feeding (Blanco-Rayén et al., 2019a; Blanco-
Rayén et al., 2019b), reproductive status (Blanco-Rayoén et al., 2020;
Gonzalez-Fernandez et al., 2017; Roznere et al., 2014), and salinity
(Wu et al., 2020a). These findings have important implications for the
multibiomarker-based assessment of the pollutant effects in marine
sentinel organisms including systems-based approaches such as meta-
bolomics (Campillo et al., 2015; Cappello et al., 2015; Deng et al.,
2017; Digilio et al., 2016; Fasulo et al., 2012; Ji et al., 2016; Kwon et al.,
2012; Liuetal,, 2011; Lu et al., 2016; Vosloo et al., 2002), and emphasize
the importance of establishing an environment-specific baseline for
each sentinel population in which the biomarker-based stress assess-
ment is to be conducted.
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1. Introduction the interacting effects of nano-ZnO and temperature on marine organ-

With the widespread application and release of manufactured nano-
materials, nanoparticles accumulate in the coastal and marine environ-
ments posing a potential threat to marine organisms and human health
(Garner and Keller, 2014; Williams et al., 2019). Coastal marine ecosys-
tems are particularly vulnerable to emerging pollutants including nano-
particles as they serve as a sink of (nano)pollutants from terrestrial and
riverine sources (Linders et al., 2018; Williams et al., 2019). Zinc oxide
nanoparticles (nano-ZnO) are used in various products (Williams
etal,, 2019), and raise concerns due to their high predicted environmen-
tal concentrations and potential toxicity (Coll et al., 2016; Hong et al.,
2021). There is increasing evidence of ecotoxicity of nano-ZnO in ma-
rine ecosystems (Czyzowska and Barbasz, 2020; Katsumiti et al., 2016;
Li et al., 2018; Ma et al., 2013; Wu et al., 2020; Yung et al., 2017), but
the impacts and mechanisms of nano-ZnO toxicity are not yet well un-
derstood.

The toxic mechanisms of nanoparticles have been extensively inves-
tigated in the context of nanomaterials safety and the potential risks to
human health (Gerloff et al., 2017; Halappanavar et al., 2020). These
studies made clear that traditional toxicology approaches to hazard
and risk assessment of individual nanomaterials are unfeasible due to
enormous diversity of nanoparticles and their derivatives (Costa and
Fadeel, 2016; Halappanavar et al., 2020). The challenge is even greater
in ecotoxicology where the diversity of affected organisms and their en-
vironments needs to be taken into account. These challenges make the
mechanistic understanding of the nanoparticle toxicity especially im-
portant as it allows predicting adverse organismal outcomes based on
the perturbation of cellular stress response pathways that can be mea-
sured more easily, reliably and often non-invasively (Gerloff et al.,
2017; Halappanavar et al., 2020). Studies in humans and mammalian
models showed that the key molecular events in nanoparticle toxicity
involve oxidative stress, stimulation of pro-inflammatory responses,
and dysregulation of cell survival pathways that might lead to the
damage of target organs, morbidity or mortality (Gerloff et al., 2017;
Halappanavar et al., 2020; Luo et al., 2020). Earlier studies in aquatic
organisms indicated that similar pathways (including apoptosis,
inflammation and redox misbalance) might also be involved in nano-
particle toxicity during environmental exposures in water and sediment
(Castro-Bugallo et al., 2014; Falfushynska et al., 2019a; Marisa et al.,
2016; Schiavo et al., 2016; Wu et al., 2020). However, the flexibility
and robustness of the cellular stress response mechanisms under the
conditions of natural environmental variability such as fluctuations of
temperature, that can affect the organisms' physiology as well as the be-
havior of nanomaterials are not well understood (Ma et al., 2013; Yung
etal, 2014). This gap in knowledge limits our ability to assess the nano-
particle toxicity to marine organisms and predict their adverse out-
comes in polluted coastal ecosystems.

Temperature is a key abiotic factor that affects ectotherms' physiol-
ogy (Schiedek et al., 2007) and modulate the toxic responses of organ-
isms (Sokolova and Lannig, 2008). Surface seawater temperature natu-
rally varies in coastal environments due to the diurnal and seasonal
cycles, and the mean surface water temperature is increasing at a rate
of ~0.11-0.13 °C per decade (IPCC, 2019) with some areas (including
the Baltic Sea) warming considerably faster than the global average
(Kniebusch et al., 2019). Recent studies in marine ectotherms reported

isms (Lai et al., 2020; Yung et al., 2017). Thus, toxicity of nano-ZnO
(LCs0, 0.84 mg 1~ 1) to a copepod Tigriopus japonicus was upregulated
with increasing temperature with the lowest toxicity observed at
15 °C (Lai et al., 2020). In a marine diatom Thalassiosira pseudonana
toxicity of nano-ZnO (0.5-50 mg 1~') was significantly greater at
30 °C (near the species' upper thermal limit) than other studied temper-
atures (Yung et al., 2017). Elevated temperature also modulated meta-
bolic responses to nano-ZnO in marine mussels Mytilus edulis so that a
5 °C warming lessened the nano-ZnO-induced metabolic disturbance
during winter but increased it in summer (Wu et al.,, 2021). Generally,
temperature does not strongly effect nano-ZnO properties (such as the
solubility and aggregation behavior) in the environmentally relevant
range of temperatures and nanoparticle concentrations (Yung et al.,
2017), so that the temperature-induced modulation of the nanoparticle
toxicity in marine organisms is most likely mediated by the changes in
the organisms' physiology (Holmstrup et al., 2010; Wu et al., 2021).
These physiological alterations might be reflected in the changes of
the respective molecular and cellular pathways of nano-ZnO toxicity
such as induction of inflammation, oxidative stress or alteration of cell
survival pathways (Gerloff et al.,, 2017; Halappanavar et al., 2020; Luo
et al,, 2020).

The aim of this study was to assess the responses of cellular stress
mechanisms (including oxidative stress, inflammation, and cell survival
pathways) to nano-ZnO (10 pg 1! and 100 pg 17!) under different
temperature regimes in a common marine mussel, M. edulis. The blue
mussels (Mytilus spp.) represent excellent sentinel species for ecotoxi-
cological assessment in marine habitats (Beyer et al., 2017; Bricker
et al.,, 2014). Nano-ZnO particles and their aggregates can be retained
by the mussel gills, ingested, and internalized by endocytosis (Al-Sid-
Cheikh et al., 2013; Joubert et al., 2013; Rocha et al., 2015). We used
biomarker-based approach focusing on oxidative stress indicators (PC
and LPO) and transcription pattern of marker genes in the cell survival
(caspase 3, Bcl-2, p53, p38 and JNK) and inflammation (COX, NF-KB,
and TGF-B) pathways of M. edulis. The oxidative stress and molecular
biomarkers were measured in the soft tissues (gill and digestive
gland) of the mussels exposed for 21 days to different combinations of
nano-ZnO and temperature in winter and summer. The gills (as a key
site of nanoparticle uptake) and the digestive gland (as the main
organ for nanoparticles accumulation) (Al-Sid-Cheikh et al., 2013; Hull
et al,, 2011) were used as target tissues in our present study. We hy-
pothesized that the nano-ZnO exposure will cause oxidative stress and
activate apoptosis and inflammation pathways in the mussels, and
that the toxic effects of nano-ZnO will be mitigated by mild warming
in winter but exacerbated by more extreme thermal stress in summer.

2. Materials and methods
2.1. Nanoparticles preparations and physicochemical characterization

Commercial ZnO nanoparticles (nano-Zn0O) (particle size <100 nm
(TEM), average particle size <40 nm (APS), pH 7.5 + 1.5 and without
coating agent; catalog number 721077) were purchased from Sigma-
Aldrich Sweden AB (Stockholm, Sweden). Since nano-ZnO tend to
form aggregates in seawater, the aggregate size distribution of nano-
ZnO in the seawater (100 mg 17}, salinity 15) at different temperatures
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(10, 15 and 20 °C) were analyzed by relative frequency (intensity
weighted) of particle diameters using dynamic light scattering (DLS)
(Litesizer 500, Anton Paar GmbH, Graz, Austria). Aggregation tendency
and stability of aggregates in the seawater (100 mg 1™, salinity 15) at
20 °C was characterized by Zeta potential measurement. The Zeta po-
tential of nano-ZnO was determined at a pH value of 7.0 using electro-
phoretic light scattering (ELS) (Litesizer 500, Anton Paar GmbH, Graz,
Austria). Further details of preparation and characterization of nano-
ZnO are provided in SI Appendix.

2.2. Animal collection and maintenance

The exposure conditions of the mussels M. edulis used in the present
study were similar to those described elsewhere (Wu et al., 2021). Briefly,
the mussels M. edulis (shell length is 56 4+ 6 mm) were collected from the
same mussel bed in Warnemiinde, Germany (54°10'49.602"N, 12°05’
21.991"E) in late October 2018 (winter experiment: salinity 10-16 (prac-
tical salinity scale); the average seawater temperature ~ 10 °C) and June
2019 (summer experiment: salinity 10-16; the average seawater
temperature ~ 15 °C). Before the experiment, mussels were kept in
recirculated temperature-controlled aquariums for two weeks at salinity
15 and temperature 10 °C (winter) or 15 °C (summer). Water was
changed every two days, and the mussels were fed ad libitum 2 h before
every water change with a commercial blend of live marine phytoplank-
ton containing Nannochloropsis oculata, Phaeodactylum tricornutum and
Chlorella sp. (cell size: 2-20 pm, density: 2.5 x 10% cells ml~") (Premium
Reef Blend, CoralSands, Germany) per manufacturer's instructions during
the preliminary acclimation and experimental exposures.

2.3. Experimental exposures and tissue collection

After two-week acclimation, the mussels were randomly divided
into ten treatments and exposed for three-weeks in triplicates for
each treatment with 20 mussels per replicate (6 | seawater). The ran-
domly chosen groups of mussels were either kept at the same temper-
ature as during the preliminary acclimation, or immediately transferred
to a warmer (+5 °C) temperature. Within each season, a full factorial
design was implemented including two temperatures (10 and 15 °C in
winter, 15 and 20 °C in the summer) and five Zn treatments: control
(without Zn addition), nano-ZnO at 10 pug 1! Zn or 100 pg 1! Zn, and
dissolved Zn (as ZnSO,) at 10 pg 17! or 100 pg 1=! Zn. These
concentrations (10 ug 1= and 100 pg 171) are later referred to as low
and high nano-ZnO or Zn levels, respectively. The predicted no-effect
concentration (PNEC) of nano-ZnO is 0.2-5 pg 1=! (Chen et al., 2018;
Coll et al., 2016; Hong et al., 2021); therefore, the experimental nano-
ZnO concentrations used in our present study represent sub-lethal
toxic concentrations and are close to the range of the concentrations
predicted for polluted coastal areas (Boxall et al., 2007; Coll et al.,
2016; Hong et al., 2021). Exposure to dissolved Zn was used to as a pos-
itive control for Zn?* effects such as might be caused by nano-ZnO dis-
solution. Warming (+5 °C above the respective control temperature)
was selected to represent the predicted warming in the southern Baltic
Sea based on climate change scenarios (IPCC, 2019).

A static-renewal design was used with the water change every two
days. New aliquots of sonicated suspensions of nano-ZnO or ZnSO4
solutions were added during every water change to maintain the
nominal target concentrations. No release of dissolved Zn was
detected in the seawater in nano-ZnO exposures (data not shown). No
mussels died during the experiment. After exposures, the animals
were dissected on ice. The gill and digestive gland were collected,
shock-frozen and stored at —80 °C until further analysis.

2.4. Oxidative stress traits

Lipid peroxidation (LPO) was tested using a thiobarbituric acid assay
in the gill and digestive gland, separately (N = 5-6) (Ohkawa et al.,

Science of the Total Environment 818 (2022) 151785

1979). The tissue was homogenized and sonicated in 50 mM phosphate
buffer (1:10 w/v), incubated for 10 min with 50% trichloroacetic acid
(1:2 v/v), and the supernatant was used for LPO measurements. Sam-
ples or blanks (50 mM phosphate buffer) were mixed 1:1 (v:v) with
0.7 mM thiobarbituric acid and boiled for 20 min. The absorbance of
thiobarbituric acid-reactive substances (TBARS) as end products of
LPO was measured at 532 nm using a SpectraMax ID3 Multi-Mode
Microplate Reader (Molecular Devices, USA). A molar extinction coeffi-
cient of 1.56 x 10° M~! cm~! was used to calculate the LPO level
expressed as nmol TBARS g~ ! wet tissue mass.

Protein carbonyl (PC) content was determined in the soft tissue (gill
or digestive gland) using the 2, 4-dinitrophenylhydrazine (DNPH) assay
(N = 5-6) (Reznick and Packer, 1994). Proteins were precipitated from
the homogenates with 20% trichloroacetic acid (1:2 v/v) and collected
by centrifugation (15 min at 5000 xg and 4 °C). The protein carbonyls
were stained with 0.03 M 2, 4-DNPH in 2 M HCl (using HCl-treated pro-
tein from the same sample as a blank), incubated for 1 hat 37 °Cand col-
lected by centrifugation (10 min at 4000 xg at 4 °C). The pellet was
washed with 5% trichloroacetic acid with centrifugations and dissolved
in 6 M guanidine hydrochloride. The absorbance was determined at
370 nm in the microplate reader. The concentration of PC was calculated
by a molar extinction coefficient of 2.2 x 10* M~! cm~"' and expressed
as nmol g~ ! wet mass of soft tissue.

2.5. mRNA expressions of key apoptosis- and inflammation-related genes

The mRNA expression of key apoptosis- and inflammation-related
genes including caspase 3, p53, p38, JNK, COX, Bcl-2, NF-«B, and TGF-p
were measured in the gill and digestive gland using standard qRT-PCR
protocols (N = 6) (Pfaffl, 2001; Steffen et al., 2020). The details of the
transcript levels analysis including the total RNA isolation, cDNA syn-
thesis and quantitative real-time PCR including the primer sequences
are supplied in SI Appendix and the Supplementary Table 1. The tran-
script levels of each target gene were normalized by the transcript levels
of eEF1 (Pfaffl, 2001) and expressed as fold change in the transcript level
in the treatment group relative to the corresponding control group.

2.6. Statistics analysis

Data analysis was performed using IBM® SPSS® 18.0 and GraphPad
Prism 6.0. Prior to analysis, data were checked for the normality using
the Shapiro-Wilks test and homogeneity of variances by Levene's test,
and Box-Cox transformed if needed. The interactive effects of Zn treat-
ments x temperature (separately for each season), and Zn treatments
x season (summer vs. winter at 15 °C) were analyzed by two-way
ANOVA. The significant effects of Zn treatments were analyzed using
Tukey's HSD multiple range tests at each temperature condition. The
significant effect of temperature was tested by Student's t-test at each
Zn treatment. The PCA and DA analysis were performed on the Box-
Cox transformed data. The number of biological replicates was 5-6 for
all measured traits and the results are presented as means 4+ SEM. The
differences were considered significant at P < 0.05. Further details of
the statistical analysis are provided in SI Appendix.

3. Results
3.1. Nano-ZnO characterization

The average aggregate size of nano-ZnO determined from the major
peaks of the particle distribution curves of three subsequent measure-
ments in the seawater (100 mg 17!, salinity 15) was 5.21 + 0.21,
3.72 + 0.32 and 3.16 4 0.34 um at 10, 15 and 20 °C, respectively
(Supplementary Fig. 1). The average aggregate size of nano-ZnO was
not significantly affected by the temperature in the studied range. The
zeta potential of nano-ZnO in the seawater (100 mg 1™, salinity 15)
was —8.2 mV at 20 °C.
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3.2. Oxidative stress markers

3.2.1. Winter mussels

In gills, the LPO and PC levels generally remained near the baseline in
all treatment groups except for a significant increase (P < 0.05) in PC
levels in the mussels exposed to 100 pg 1=! of nano-ZnO at 10 °C
(Fig. 1A, E). In the digestive gland, high concentration (100 pg 1™") of
nano-ZnO or Zn>™ led to a significant increase (P < 0.05) in the LPO
and PC levels at 10 °C and 15 °C (Fig. 1C, G). Furthermore, elevated
LPO levels were also found in the digestive gland of the mussels exposed
to 10 ug 17! nano-ZnO at 15 °C and 10 pg I~ ! dissolved Zn at 10 °C
(P < 0.05) (Fig. 1C, G).

In the absence of chemical stress, winter warming (10—15 °C) had
no effect on the LPO and PC levels in the mussels' tissues (Fig. 1A, C, E,
G). In nano-ZnO exposed groups, warming (10—15 °C) had no effect
on the LPO and PC level in the mussels' tissues except for significantly
enhanced (P < 0.05) the LPO content in the digestive gland (Fig. 1A, C,
E, G). In the mussels exposed to dissolved Zn, the experimental
warming generally decreased (P < 0.05) the LPO levels (Fig. 1A, C),
but had no effect on PC levels (Fig. 1E, G).

3.2.2. Summer mussels

In the gills of the summer mussels, LPO and PC content was not
affected by nano-ZnO and dissolved Zn, except for an increase
(P < 0.05) in LPO at 20 °C combined with dissolved Zn (100 pg 1= 1)
(Fig. 1B, F). In the digestive gland of the summer mussels, high concen-
tration of nano-ZnO or dissolved Zn significantly increased (P < 0.05)
LPO content at each acclimation temperature and PC content at 20 °C
(Fig. 1D, H). Furthermore, in digestive gland, exposure to 10 pg 17!
nano-ZnO resulted in a significant increase (P < 0.05) in the LPO levels
at 15 °C and in PC levels at 20 °C (Fig. 1D, H). Elevated LPO levels were
also found in the digestive gland of the mussels exposed to 10 ug 1! dis-
solved Zn at 20 °C (P < 0.05) (Fig. 1D, H).

In summer control mussels, the elevated temperature (20 °C) gener-
ally had no effect on the LPO and PC levels in the control mussels' tissues
(Fig. 1B, D, F, H). In the mussels exposed to nano-ZnO, warming
(15-20 °C) generally increased (P < 0.05) the LPO levels in gill and
the PClevels in digestive gland (Fig. 1B, D, F, H). In dissolved Zn exposed
groups, warming had no effect on the LPO and PC level in the mussels'
tissues except for significantly enhanced (P < 0.05) LPO content in the
gill (Fig. 1B, D, F, H).

3.3. Molecular markers of apoptosis and inflammation

3.3.1. Winter mussels

At 10 °C, exposure to 100 pg 1~ ! of nano-ZnO significantly increased
(P < 0.05) the transcript levels of p53 and JNK in the mussels’ gill and
the transcript levels of p38 and caspase 3 in the digestive gland
(Figs. 2A, E, 4C and 5A). mRNA expression of other studied genes was
not significantly influenced by 100 ug I~" nano-ZnO in both studied tis-
sues. At 10 °C, dissolved Zn exposures (10 or 100 pg I~ ") or low concen-
tration of nano-ZnO (10 pg 1) exposures had no significant effect on
the studied transcript levels in the mussels' tissues (Figs. 2-5A, C, E, G).

In winter control mussels, warming (15 °C) had no significant effect
on the mRNA expression of the studied genes in the gill (Figs. 2-3A, C, E,
and G), but significantly increased (P < 0.05) the mRNA expression of
most studied genes (except for p53, COX and caspase 3) in the digestive
gland (Figs. 4-5A, C, E, and G). Acclimation to the elevated temperature
(15 °C) in winter mitigated the induction of the stress genes by high
concentration of nano-ZnO. Thus, at 15 °C exposure to nano-ZnO had
no significant effect on the transcript level of any of the studied genes
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in the gill or digestive gland of M. edulis (Figs. 2-5A, C, E, G). Suppression
of p53 transcripts in the gill and an increase in NF-xB mRNA in the diges-
tive gland was observed in the winter mussels exposed to 100 pg 1~ ! of
dissolved Zn at 15 °C (P < 0.05) (Figs. 2-5).

3.3.2. Summer mussels

In the gills of the summer mussels, an inhibitory effect of nano-ZnO
or dissolved Zn was found for most studied genes (except p53 and JNK)
at 15 °C (Figs. 2-3B, D, F, H). Exposure to high dissolved Zn (100 ug 1)
decreased (P < 0.05) the mRNA expression of p38, caspase 3, Bcl-2, NF-
kB and TGF-f in the mussels' gill at 15 °C (Figs. 2D, 3B, D, F, H). At 15 °C,
exposure to 10 pg I~ dissolved Zn also decreased (P < 0.05) the mRNA
expression of p38 in the mussels' gill (Fig. 2D), whereas exposure to
10 pg 17! nano-ZnO elevated (P < 0.05) the mRNA levels of p53
(Fig. 2B). No significant transcriptional change was found in the mus-
sels' digestive gland in response to nano-ZnO or dissolved Zn exposures
at 15 °C (Figs. 4-5B, D, F, H).

Elevated summer temperature (20 °C) suppressed (P < 0.05) tran-
script levels of p38, JNK, caspase 3 and NF-<B and increased (P < 0.05)
the transcript level of Bcl-2 in the gills of the control mussels (Figs. 2D,
F, 3B, D and F). Elevated temperature also upregulated (P < 0.05)
mRNA expression of JNK, COX, NF-kB and TGF-{ in the digestive gland
of the control mussels (Figs. 4F, H, 5F, H). Elevated temperature
(20 °C) exacerbated (P < 0.05) the response of several stress genes to
the high concentration of nano-ZnO in the digestive gland (Figs. 4D, H,
5B, H) but not in the gill (Figs. 2-3).

3.4. Interaction analysis

In winter mussels, the two-way ANOVA analysis demonstrated sig-
nificant interactive effects of the Zn exposure x temperature
(P < 0.05) for LPO and the mRNA levels of JNK in both gill and digestive
gland (Supplementary Tables 2A and 3A). In summer mussels, signifi-
cant interactive effects of the Zn exposure x temperature (P < 0.05)
were reported for LPO and the mRNA levels of p53, COX, caspase 3,
Bcl-2 and TGF-( in the gill and for LPO and the mRNA levels of NF-xB
in the digestive gland (Supplementary Tables 2B and 3B). At a common
acclimation temperature (15 °C), significant effects of the Zn exposure x
season interactions (P < 0.05) were reported for all studied biomarkers
except PC and the expression of NF-kB mRNA in the gill, whereas none
of the interactions were significant (P > 0.05) in the digestive gland
(Supplementary Table 4A and B).

3.5. PCA and DA analysis

The PCA analysis revealed that the two first principal components
explained 41.59%, 49.79%, 65.76% and 55.97% of overall variance in the
winter mussels’ gill, the summer mussels' gill, the winter mussels' di-
gestive gland and the summer mussels' digestive gland, respectively
(Figs. 6A, D and 7A, D). The PCA and DA results indicated a strong differ-
entiation of 100 ug I~ ! nano-ZnO treatment from other Zn treatments,
and clear separation of the warming and normal temperature treat-
ments in both seasons (Figs. 6 and 7).

3.5.1. Winter mussels

In winter mussels, PC 1 (23.07% and 52.05% variation in the gill and
digestive gland, respectively) was the main axis connected with Zn
treatment (Figs. 6A and 7A). PC 1 had high loadings of p38 and Bcl-2
mRNA levels in the gill, and of the protein carbonyl levels, as well as
P53, p38, JNK, caspase 3, NF-«B and TGF-> mRNA expression in the di-
gestive gland (Figs. 6B and 7B; Supplementary Tables 5 and 6). The

Fig. 1. Oxidative stress biomarkers in the soft tissues of M. edulis exposed to different combinations of nano-ZnO or Zn?* and temperature for 21 days.

Winter mussels - A, C, E, G; Summer mussels - B, D, F, H; LPO_Gill -lipid peroxidation markers in gill (A, B); LPO_DG -lipid peroxidation markers in digestive gland (C, D); PC_Gill - protein
carbonyls in gill (E, F); PC_DG - protein carbonyls in digestive gland (G, H). Different letters indicate significant differences among nano-ZnO or Zn?* treatments within fixed temperature
level (P < 0.05), and asterisks indicate significant differences between two temperatures within the same Zn treatment group (P < 0.05). N = 5-6.
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Fig. 2. Cellular stress related-gene expression in gill of M. edulis exposed to different combinations of nano-ZnO or Zn** and temperature for 21 days.
Winter mussels - A, C, E, G; Summer mussels - B, D, F, H; p53 (A, B); p38 (C, D); JNK (E, F); COX (G, H). The letters/asterisks have the same meaning as in Fig. 1. N = 6.

PC2 (18.52% and 13.71% variation in gill and digestive gland, respec-
tively) separated warming (15 °C)-exposed mussels from the normal
temperature (10 °C) treatment (Figs. 6-7; Supplementary Tables 5 and
6).

DA results indicated a high Mahalanobis distance (D?) between the
controls and 100 pg 17! nano-ZnO treatments (D> = 21.26 and 8.18 in

the gill at 10 °Cand 15 °C, respectively; D> = 42.00 and 108.49 in the di-
gestive gland at 10 °C and 15 °C, respectively) and the controls and
100 pg 17! Zn?* treatments (D? = 13.81 and 16.58 in the gill at 10 °C
and 15 °C, respectively; D> = 45.45 and 22.11 in the digestive gland at
10 °Cand 15 °C, respectively), and a smaller distance between the con-
trols and 10 ug 1~! nano-ZnO or Zn?" treatments, consistent with the
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PCA analysis (Figs. 6C and 7C; Supplementary Table 11). The studied
biomarkers that significantly (P < 0.05) contributed to the DA model in-
cluded LPO, PC and mRNA expression of the JNK and caspase 3 in the gill,
and LPO, PC and mRNA expression of the p38, JNK, NF-B and TGF-(3 in
the digestive gland (Supplementary Tables 7 and 9).

3.5.2. Summer mussels

In summer mussels' gill, PC1 (33.57% of the total variance) showed a
Zn-specific response separating 100 ug ™' nano-ZnO or dissolved Zn
treatments from other treatments (Fig. 6D). PC1 was associated with
the high loadings of p38, JNK, caspase 3 and NF-xB mRNA (Fig. 6E; Sup-
plementary Table 5). In the gill, PC2 explained 16.22% of the total vari-
ance of biomarkers and showed a temperature specific response
(Fig. 6D) associated with high loadings of COX mRNA (Fig. 6E; Supple-
mentary Table 5). In the digestive gland, PC1 accounted for 38.38% of
the total variance of biomarkers and showed a temperature specific re-
sponse separating the warming (20 °C) from the control (15 °C) groups
(Fig. 7D) associated with high loadings of p38, COX, caspase 3, NF-xB
and TGF- transcripts (Fig. 7E; Supplementary Table 6). PC2 explained
17.15% of the total variance of biomarkers in the digestive gland and
was associated with Zn exposure (Fig. 7D) and high loadings of JNK
mRNA (Fig. 7E; Supplementary Table 6).

DA results demonstrated a high D? between the controls and
100 pg 17! nano-ZnO treatments (D? = 21.07 and 34.74 in the gill at
15 °C and 20 °C, respectively; D?> = 40.64 and 65.53 in the digestive
gland at 15 °C and 20 °C, respectively) and the controls and 100 pg 1™
Zn** treatments (D? = 26.20 and 43.31 in the gill at 15 °C and 20 °C, re-
spectively; D?> = 24.33 and 32.11 in the digestive gland at 15 °C and
20 °C, respectively), and a weaker separation between the controls
and 10 pg 17" nano-ZnO or Zn?" treatments, consistent with the PCA
analysis (Figs. 6F and 7F; Supplementary Table 11). Most studied traits
(except the mRNA expression of COX and caspase 3) were identified
as significant contributors to the DA model (P < 0.05) in the gills. In
the digestive gland, the significant contributors to the discriminant
model included LPO, PC and transcript levels of the ]NK and COX (Sup-
plementary Tables 8 and 10).

4. Discussion
4.1. Characterization of nano-ZnO

The measured aggregate size distribution demonstrated the forma-
tion of aggregates in the low micrometer range independent of the tem-
perature. This behavior can be explained by the effect of van der Waals
forces and the theory of double layer force (DLVO), according to which
small charges of neighboring particles (zeta potential || < 15 mV) lead
to mutual attraction (Modena et al.,, 2019; Yung et al., 2014). Further-
more, the aggregation tendency is enhanced by the surrounding salt
water, which compresses the electrical double layer and reduces repul-
sive forces between the nanoparticles due to the high ionic strength (Li
et al,, 2017; Yung et al.,, 2014). The measured zeta potential of
—8.2 mV confirms the aggregation tendency of nano-ZnO used in
the study. Aggregation of nano-ZnO with similar primary particle
size into the micrometer-sized aggregates was also observed in pre-
vious studies (Li et al., 2017; Wong et al., 2010; Yung et al., 2015).
Since mussels can efficiently filter out particles in the size range of
4-35 pm and partially retain even smaller (<4 pm) particles
(Mghlenberg and Riisgard, 1978; Strohmeier et al., 2012), our results
support the notion that nano-ZnO particles and their aggregates are
bioavailable to the mussels (Al-Sid-Cheikh et al., 2013; Joubert et al.,
2013; Rocha et al., 2015).

4.2. Oxidative stress response to nano-ZnO

Introduction of engineered nanomaterials including ZnO nanoparti-
cles in marine ecosystems carries potential risks to the resident biota
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due to the direct toxic effects of the nanomaterials and possible release
of trace metals. Oxidative stress has been considered a key mechanism
of nano-ZnO toxicity and a hallmark of nano-ZnO-induced injury
(Vandebriel and De Jong, 2012; Wang et al., 2014; Xia et al., 2008).
The determination of the content of protein carbonyls and end products
of lipid peroxidation can thus provide evidence for the oxidative injury
induced by nano-ZnO. We predicted that nano-ZnO exposure would
lead to oxidative injury manifested as elevated LPO and PC content in
mussels (Marisa et al., 2016). Similar to our expectations, increased ox-
idative lesions (i.e. elevated content of LPO and PC) were observed in
the digestive gland of M. edulis exposed to high concentrations
(100 pg 1= of nano-ZnO. Generally, the oxidative injury caused by
nano-ZnO exposures was stronger than the injury caused by dissolved
Zn in our study. Furthermore, the oxidative injury induced by nano-
ZnO or Zn?>* in the gill was weaker than in the digestive gland. The re-
sults of our present work are in agreement with earlier studies that
showed protein damage in the gills of the oysters Crassostrea virginica
exposed to 4 mg 1~! of nano-ZnO for 48 h (Trevisan et al,, 2014), and
in the whole soft tissue of the mussels M. edulis exposed to 100 pg 1™
nano-ZnO for 14 days (Falfushynska et al., 2019b). Increased LPO con-
centrations were also reported in the total soft tissues of the brine
shrimp Artemia salina exposed to 10-100 mg 1~! of nano-ZnO after
24-96 h (Ates et al., 2013). However, other studies in marine bivalves
failed to detect oxidative damage due to nano-ZnO exposures
(Falfushynska et al., 2019b; Marisa et al., 2016). Thus, no accumulation
of PC or LPO content was found in the gill and digestive gland of the
clam R. philippinarum exposed to 1-10 pg 1~! of nano-ZnO for 7 days
(Marisa et al., 2016). Furthermore, no accumulation of LPO content
was also observed in the whole soft tissue of the mussels M. edulis ex-
posed to 100 g 17! nano-ZnO for 14 days (Falfushynska et al., 2019b).
Notably, these studies that did not report oxidative injury used either
lower concentration of nano-ZnO (Marisa et al.,, 2016) or shorter expo-
sure times (Falfushynska et al., 2019b; Marisa et al., 2016) than the ex-
posure regime in our present study (21 days at 100 pg 1~ ! nano-ZnO).
Overall, these findings indicate that in marine mussels, high concentra-
tions of nano-ZnO (100 pg 1~ ") and long-term exposure (21 days) in-
duce oxidative injury.

4.3. Apoptotic and inflammatory response to nano-ZnO

In our present study, a marked apoptotic response to the high con-
centration of nano-ZnO was observed in the mussels, in notable contrast
to the effects of dissolved Zn. Apoptosis (a form of programmed cell
death) is a highly regulated biological process triggered by extrinsic
(e.g. death receptor ligands) or intrinsic (e.g. oxidative stress and
other cellular damage) signals in bivalves (Sokolova, 2009). Apoptosis
is commonly stimulated by high concentrations of nano-ZnO in differ-
ent organisms including marine bivalves. In our present study, the in-
duction of apoptosis by 100 ug 1~! nano-ZnO was indicated by elevated
transcript levels of apoptosis-related genes p53 and JNK in the gill, and
p38 and caspase 3 in the digestive gland of M. edulis. Upregulation of the
mRNA expression of the apoptotic proteins caspase 3 (the main execu-
tor caspase in the apoptotic cascade (Kiss, 2010; Sokolova, 2009)) was
also observed in the zebrafish Danio rerio exposed to 25-50 mg 1~ of
nano-ZnO (Du et al,, 2017) and in the mussels M. edulis exposed to
100 pg 1! nano-ZnO (Falfushynska et al., 2019b). Similarly, an increase
in mRNA expression of the pro-apoptotic protein p53, the Guardian-of-
Genome protein that induces apoptosis in response to excessive DNA
damage (Singh et al., 2009) was found in the human ovarian cells ex-
posed to 5-30 mg I~ ! nano-ZnO (Bai et al., 2017), in the rats exposed
to 50-300 mg kg~! nano-ZnO (El-Shorbagy et al., 2019), in the
zebrafish D. rerio exposed to 25-50 mg 1~ of nano-ZnO (Du et al.,
2017) and in the mussels M. galloprovincialis exposed to 100 pg 1!
nano-ZnO for 72 h (Li et al., 2018).

The MAPK (mitogen-activated protein kinase) pathway (Kyriakis
and Avruch, 2012) is another key regulator of the cellular stress
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response including apoptosis (Chang and Karin, 2001; Munshi and
Ramesh, 2013). Among MAPK-related proteins, p38 (p38 mitogen-
activated protein kinase) and JNK (c-Jun N-terminal kinase) play a key
role in transducing signals in response to environmental or cellular
stress (Chuang et al., 2000; Kyriakis and Avruch, 2012; Owens and
Keyse, 2007). Earlier studies have found that nanoparticles including
nano-ZnO can activate JNK and p38 MAPK pathway, thereby stimulating
apoptosis (Kang et al., 2009; Qu et al., 2020; Wang et al., 2014; Zhao
et al,, 2019). In our present study, 100 ug I~' nano-ZnO exposures up-
regulated the transcript levels of JNK genes in the gill and p38 in the di-
gestive gland of the mussels. Furthermore, we found transcriptional
suppression of an anti-apoptotic regulator protein Bcl-2 in response to
nano-ZnO or dissolved Zn in the summer mussels' gill. These findings
are consistent with earlier reports of transcriptional downregulation
of Bcl-2 in human ovarian cells exposed to 5-30 mg I~ nano-ZnO
(Bai et al., 2017) and in the rats exposed to 50-300 mg nano-ZnO
kg~! body mass (El-Shorbagy et al., 2019). Suppression of anti-
apoptotic genes such as Bcl-2 might reinforce the apoptotic response
caused by upregulation of caspases, p53 and the MAPK pathway.
These findings support the notion of pro-apoptotic effects of high con-
centrations of nano-ZnO and highlight the importance of apoptosis as
a toxic mechanism of nano-ZnO in the mussels.

Inflammation is a common response to nanomaterials in various or-
ganisms including marine bivalves (Chang et al., 2013; Falfushynska
et al,, 2019b; Martinez-Gutierrez et al., 2012; Roma et al., 2020). The in-
flammatory cytokine pathway involving transforming growth factor-
beta (TGF-3) and the nuclear factor kB (NF-B) plays a crucial role in
regulation of inflammation (Hoesel and Schmid, 2013; Letterio and
Roberts, 1998). Previous studies on M. edulis exposed to 100 pg 1!
nano-ZnO showed an increase of the transcript levels of inflammatory
cytokines TGF-3 and NF-«B in the digestive gland (Falfushynska et al.,
2019b). However, in our present study the transcript levels of TGF-3
and NF-<B were not upregulated by nano-ZnO in mussels. Exposure to
nano-ZnO also did not affect mRNA expression of an inflammation-
regulating enzyme COX in our present study. In R. philippinarum, the
key inflammatory response genes AIF1 (allograft inflammatory factor-
1) did not change in response to exposures to 0.75 pg 1= of nano-Au
for 1-14 days (Volland et al,, 2015). Overall, unlike apoptosis, inflamma-
tory response does not appear to be a consistent toxic effect of nano-
ZnO in marine bivalves in the studied range of nano-ZnO concentra-
tions.

Overall, our present study shows that the oxidative stress and apo-
ptotic responses of M. edulis were induced by high concentrations
(100 pg 1= 1) of nZnO exposures in both studied seasons. However, low
concentrations (10 ug I~ ') of nano-ZnO generally had no effect on oxi-
dative stress and transcriptional responses of the blue mussels except
for an increase in the oxidative stress markers in the digestive gland
(but not in gill). As confirmed by the results of multivariate analyses
(Figs. 6 and 7), the cellular stress responses were considerably less sen-
sitive to low concentrations of nZnO than to high concentrations of
nZnO, indicating the toxicity of nanomaterials to organisms is
concentration-dependent.

Dissolved Zn exposures had no significant effect on the transcript
level of apoptotic-related genes in M. edulis except for a decrease in
the mRNA levels of pro-apoptotic proteins p53 and caspase 3 in some
temperature-tissue combinations caused by 100 ug 1= ! dissolved Zn.
An earlier study in M. edulis also showed that dissolved Zn exposures
did not induce inflammatory and apoptotic response and could (at
some Zn?" concentrations) be anti-apoptotic (Falfushynska et al.,
2019b). These results support the notion of dissolved Zn as an apoptosis
inhibitor (Alexandre et al.,, 2002; Perry et al., 1997) and suggest that dis-
solved Zn release from nano-ZnO cannot fully explain the toxic effects of
nano-ZnO. The differences between the cellular stress response profile
of nano-ZnO vs. dissolved Zn exposures are further corroborated by
the results of the multivariate analyses that integrated multiple cellular
stress biomarkers (Figs. 6 and 7).
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4.4. Modulation of the cellular stress response by season and warming

The oxidative stress, apoptotic and inflammatory responses of
M. edulis were modulated by warming in both studied seasons, as
shown by analysis of individual markers and confirmed by the results
of multivariate analyses. In the absence of the chemical stress from
nano-ZnO or dissolved Zn, elevated temperature (15 °C) stimulated
the expression of apoptosis- (p38, JNK and Bcl-2) and inflammation-
related genes (NF-xB and TGF-B) in the digestive gland of the winter
mussels. Similarly, in the summer control mussels, warming (20 °C)
led to upregulation of the transcript levels of apoptosis- (JNK) and
inflammation-related (NF-xkB, TGF-p and COX) genes in the digestive
gland. These results indicate that in the digestive gland of M. edulis, ele-
vated temperature (+5 °C) might induce apoptotic and inflammatory
response regardless of the season. The cellular stress response to
warming was more complex in the gill, and this tissue appeared to be
less sensitive to the negative effects of warming than the digestive
gland. Thus, warming had no effect on the studied apoptotic or inflam-
matory pathways (in winter) or suppressed the transcript levels of
apoptosis- and inflammation-related genes p38, JNK, caspase 3 and
NF-kB (in summer) in the gills. The suppression of apoptosis and
inflammation-related transcript in the gills might reflect a general de-
crease in cellular stress protection mechanisms in the mussels during
summer warming as shown by suppressed mRNA expression of im-
mune genes in hemocytes of M. edulis exposed to 20 °C (Wu and
Sokolova, 2021). Furthermore, summer warming (20 °C) negatively af-
fected the organismal energy status of M. edulis (Wu et al., 2021) indi-
cating a general deterioration of physiological condition. These results
support the notion that 20 °C is close to the upper limit of long-term
thermal tolerance of the northern European (including the Baltic Sea)
Mytilus populations (Fly and Hilbish, 2013; Fly et al., 2015). Further
studies are needed to determine whether dysregulation of the cellular
stress response by warming has implications for the long-term survival
of the Baltic Sea mussels M. edulis challenged by the climate change-
related warming.

Seasonal variations can affect the oxidative stress and DNA integrity
in marine bivalves (Pisanelli et al., 2009; Schmidt et al., 2013), consis-
tent with our present findings in the blue mussels. This was reflected
in the results of ANOVA analysis for the effect of season and Zn treat-
ment at a common acclimation temperature (15 °C) that showed signif-
icant season effects on most of the studied cellular and molecular bio-
markers in the mussels. Several studies have shown that season-
related changes in seawater salinity and temperature contribute to the
seasonal changes in biomarkers in mussels (Bolognesi and Hayashi,
2011; Domouhtsidou and Dimitriadis, 2001). However, in our present
study, the seasonal differences in stress biomarker values were ob-
served despite acclimation of the mussels at the same temperature
(15 °C) and salinity (15) regime. Another possible reason for seasonal
variation in the biomarkers might be a change in reproductive stage of
the mussels (reproductive rest in winter vs. spawning in summer in
the Baltic Sea Mytilus spp. (Benito et al., 2019; Kautsky, 1982)), which
is known to affect biomarker levels in bivalves (Benito et al., 2019;
Sheehan and Power, 1999).

4.5. Conclusions and outlook

Based on the multi-biomarker analysis, several key elements of the
cellular stress response to nano-ZnO could be identified in the blue
mussels including an increase in the protein carbonylation and lipid
peroxidation and transcriptional modulation of apoptotic genes caspase
3, p53, p38 and JNK. These markers can thus be considered as core ele-
ments of nano-ZnO stressome in M. edulis. Unlike the adverse outcome
pathway for nanoparticle exposures in mammals (Gerloff et al., 2017;
Halappanavar et al., 2020; Luo et al.,, 2020), the inflammatory response
does not appear a key event in nano-ZnO toxicity in mussels at environ-
mentally relevant nano-ZnO concentrations. The biomarker profiles
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suggest that nano-ZnO is more toxic than dissolved Zn to mussels and
indicate differences of the toxic mechanisms of these pollutants. The ef-
fects of nano-ZnO on oxidative stress and transcriptional responses of
the blue mussels' digestive gland were stronger than that the effects
on the gill, which supports a notion that digestive gland is the main
organ for nanoparticles accumulation and toxicity in bivalves (Al-Sid-
Cheikh et al., 2013; Hull et al., 2011). As a susceptible organ to nanoma-
terials toxicity, the digestive gland is therefore a tissue of choice for
biomarker-based monitoring of the biological effects of nanoparticles
in bivalves. The oxidative stress and stress-related transcriptional
responses to nano-ZnO were strongly modified by warming and the
season in the mussels, so that no single biomarker could be shown to
consistently respond to nano-ZnO in all experimental groups. These
findings imply that assessment of the biological effects of nano-ZnO
using sentinel marine organisms such as mussels must include multiple
biomarkers covering key elements of the putative adverse outcome
pathways (especially oxidative stress and apoptosis) to capture the
stress response signature to nano-ZnO toxicity under the variable envi-
ronmental conditions of coastal habitats.
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Characterization of ZnO nanoparticles

Dispersion of ZnO nanoparticles (nano-ZnO) (particle size <100 nm (TEM), average
particle size <40 nm (APS) and pH 7.5 + 1.5) were purchased from Sigma-Aldrich
Sweden AB (Stockholm, Sweden). The morphology and crystal structure of
nano-ZnO was visualized by transmission electron micrographs (TEM) and scanning
electron micrograph (SEM) in a previous study that used the same batch of nano-ZnO
as in the present study (Falfushynska et al., 2019). The surface area of dry nano-ZnO
was 35 m? g’ and determined by Brunauer-Emmett—Teller (BET) method. A Litesizer
500 (Anton Paar GmbH, Graz, Austria) was used to obtain all dynamic light scattering
(DLS) and electrophoretic light scattering (ELS) data. The samples have been
irradiated with light of a wavelength of 658 nm. The intensity of all scattered light
was measured at 175°. Size and zeta potential analysis measurements have been
performed in omega cuvettes. The temperature of the sample was controlled by a
Peltier temperature control. The aggregate size distribution of nano-ZnO in the
seawater (100 mg 1"!, salinity 15) was analyzed at different temperatures (10, 15 and
20 °C).

Analysis of molecular markers of apoptosis and inflammation

Total RNA was extracted from the soft tissues (gill and digestive gland) using TRIzol
reagent (Thermo Fisher Scientific, Berlin, Germany) and cleaned up from the possible
DNA contamination with TURBO DNA-free Kit (Thermo Fisher Scientific, Berlin,
Germany) following the manufacturer's protocol. cDNA was obtained from 2.0 pug of
purified RNA by High Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Berlin, Germany) according to the manufacturer’s instructions. qRT-PCR
was performed using StepOnePlus™ Real-Time PCR System Thermal Cycling Block
(Applied Biosystems, Thermo Fisher Scientific, Berlin, Germany) and Biozym Blue
S’Green qPCR Mix Separate ROX kit (Biozym Scientific GmbH, Hessisch Oldendorf,

Germany). The reaction mixture containing 2 ul of cDNA, 1.6 ul of each forward and



reverse primer (to the final concentration of 0.4 uM), 10 ul of 2x qPCR S'Green
BlueMix and ROX additive mixture and 4.8 pl PCR grade water were added to the
wells of 96 well PCR plates, sealed (RT-PCR Seal foil, Roth, Karlsruhe, Germany)
and briefly centrifuged to eliminate air bubbles and collect the contents. The cycling
parameters were as follows: 95 °C for 20 s to activate the polymerase followed by 40
cycles of 3s at 95°C and 15s at 60°C. Signal readout was conducted at the
primer-specific reading temperature at the end of each cycle (Supplementary Table 1).
Following amplification, a melt curve analysis was performed to ensure that a single
PCR product was amplified. In each run, serial dilutions of a cDNA standard were
amplified to determine amplification efficiency (Pfaffl, 2001). In a pilot analysis, we
tested three housekeeping genes (the eukaryotic elongation factor 1 (eEF1), tubulin and
B-actin) and chose eEF1 that showed the least variation among and within the
experimental groups for normalization of the target gene expression. The apparent
amplification efficiency was calculated for each primer pair, and the expression of the
target genes was normalized against the expression of the eukaryotic elongation factor
eEF1 as described elsewhere (Pfaffl, 2001). The results was expressed as fold change
in mRNA expression in the treated group relative to the mRNA expression in the
respective control group (no Zn additions and ambient temperature corresponding to

10 °C in winter and 15 °C in summer).

Statistical analysis

Data analysis was performed by statistical software IBM® SPSS® Statistics ver. 18.0
(IBM Corp., Armonk, NY, USA) and GraphPad Prism ver. 6.0 (GraphPad Software
Inc., La Jolla, CA, USA). Prior to significance analysis, data were checked for the
normality using the Shapiro—Wilk's test and homogeneity of variances by Levene’s
test. Data that was not-normally distributed was Box-Cox transformed. The effects of
Zn treatment, temperature regime and their interactions on the studied traits were tested
by two-way analysis of variance (ANOVA). Similarly, the interactive effects of Zn

treatment and Season at fixed temperature (15 °C) were tested for each studied traits



by two-way ANOVA. The factor “Zn treatment” had five levels (control — no Zn
addition, 10 pug 1" nano-ZnO, 100 pg I'' nano-ZnO, 10 pg 1! dissolved Zn or 100 pg 1!
dissolved Zn). The factor “Temperature” had two levels (ambient temperature and
elevated temperature). The factor “Season” had two levels (winter and summer). The
significant effects of Zn treatments were analyzed using Tukey’s HSD post hoc
multiple range tests at each fixed temperature regime, and the significant effects of
temperature were analyzed by a Student’s # test at each fixed Zn treatment. To reduce
the dimensionality of the data set normalized, normalized, Box-Cox transformed data
were subjected to the principal component analysis (PCA). Discriminant analysis with
stepwise module was performed to assess the ability of the studied biomarkers to
distinguish between the different treatment groups. The number of biological replicates
was 5-6 for all measured traits. The results are expressed as the means =+ the standard

error (SE) and the significant effects were considered as P < 0.05.
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Supplementary Figure 1. Distribution of intensity-weighted aggregate size of
nano-ZnO suspended in the seawater (100 mg 1"!, salinity 15) at different temperatures

(10, 15 and 20 °C). Measurements were repeated three times (N=3).



Supplementary Table 1. Primer sequences for the target and housekeeping genes used for qPCR.

NCBI accession numbers of the sequences used for primer design are given. Because M. edulis does not yet have a completely sequenced
genome assembly, in those cases where no sequence information was available for M. edulis, we used homologous sequences from closely
related Mytilus species (M. galloprovincialis, or M. coruscus) to generate primers. For TGF-f3 we used earlier published primers from M.

coruscus (Qi et al., 2019).

Gene Forward primer (3°-57) Reverse primer (3°-57) NCBI accession Tread Primer Product

# efficiency length
p53 AAGCTGGCTCAGAATGGGTC TTCGACTGCCCGTCTACCTA AY579472 78 °C 96% 140
p38 GATGACAGGTTATGTGGCTACCAG  ACTAGGAGTTCCAACAAGGGACAG  KP713439.1 75°C 86% 196
JNK CCTTTTATGGCAGCAGCGTG AAAATCCAGTGCCCGATGGT MH603332.1 76 °C 99% 182

COX CATTAGTCAAGAACGAAAGTCAGAG GCCTGCCGAGTCATTGAAG FJ490762.1 78 °C 98% -

Caspase 3 ACGACAGCTAGTTCACCAGG CCACCAGAAGAGGAGTTCCG HQ424453.1 76 °C 89% 108
Bcl-2 CGGTGGTTGGCAAGGATTTG CGCCATTGCGCCTATTACAC KC545829.1 75°C 107% 118
NF-«xB TGGATGATGAGGCCAAACCC TGAAGTCCACCATGTGACGG KF051275.1 76 °C 118% 103

TGF-B TGCGGGTAAAACCAAGACCA TCCCTGGCGGCTTCAATTAC - 76 °C 93% -



eEF1

GACAGCAAAAACGACCCACC

TTCTCCAGGGTGGTTCAGGA

AF063420

77 °C

91%

75

Supplementary Table 2. Two-way ANOVA analysis of the molecular and cellular stress biomarkers in gill of M. edulis exposed to different

combinations of Zn treatment and temperature. Temperature: 10 and 15 °C in winter; 15 and 20 °C in summer. Zn treatment: control, 10 pug 1!

nano-ZnO, 100 pg 1! nano-ZnO, 10 pg 1! Zn**, and 100 pg I"! Zn**.

MS: mean square; P: p-value. Degrees of freedom (d.f.) for the error were 48 for all studied traits. Significant effects are highlighted in bold.

A. Winter.
Source MS F P MS F P MS F P MS F P MS F P
df LPO PC D53 p38 INK
Temperature | 1459.083 4279 0.045  2.49E-06 0.553 0.461 0.056 0.258 0.614 0.043 0.526 0.472 0.115 2.151 0.149
7n treatment 4 1916.266 5.620 0.001 3.00E-05 6.654 <0.001 1.052 4.852 0.002 0.054 0.655 0.626 0.093 1.738 0.157
T* 7n 4 1188.808  3.487 0.016  1.15E-05 2.558 0.053 0.474 2.186 0.085 0.118 1.436 0.237 0.230 4.303 0.005
df COX Caspase 3 Bcel-2 NF-«xB TGF-B
Temperature 1 0.149 0.149 1.134 0.292 4.829 24.384 0.000 0.034 0.070 0.793 1.702 5.861 0.019 0.178 0.770
7n treatment 4 0.157 0.163 1.238 0.307 0.099 0.500 0.736 0.296 0.600 0.664 0.683 2.352 0.067 0.911 3.946
T*7n 4 0.005 0.139 1.059 0.387 0.081 0.409 0.801 1.344 2.729 0.040 1.304 4.491 0.004 0.781 3.386




B. Summer.

Source Ms F P MS F P MS F P MS F P MS F P
df LPO PC ps3 D38 INK
Temperature 1 8490886 115379 <0001 228E-10  0.048 0829 0005 0079 078 0030 9032 0004 1052 10912  0.002
Zntreatment 4 324082 4404 0005  114E-08 2383 0067 0443 7304  <0.001 0032 955  <0.00 0565 5859  0.001
T*Zn 4 532194 7232 <0.001 491E-09  1.025 0406 0116 1909  0.124  0.021 6357 <0.001 0050  0.521  0.720
df COX Caspase 3 Bel-2 NF-xB TGF-p
Temperawre 1 0180 10105 0.003 0516 33687 <0.001 0027 0706 0405 6935 37175  <0.001 0068 1945  0.169
Znweatment 4 0044 2452 0058 0086 5602  0.001 0443 11388  <0.001 1005 538 0001 026 3.608  0.012
T*7n 4 0053 2983 0028 0078 5065 0002 0.3 3371 0016 0093 0499 0737 0363 10.347 <0.001




Supplementary Table 3. Two-way ANOVA analysis of the molecular and cellular stress biomarkers in digestive gland of M. edulis exposed to

different combinations of Zn treatment and temperature. Temperature: 10 and 15 °C in winter; 15 and 20 °C in summer. Zn treatment: control,

10 pg 1I"! nano-ZnO, 100 pg 1! nano-ZnO, 10 ug 1I"! Zn>*, and 100 pg 1! Zn>*".

MS: mean square; P: p-value. Degrees of freedom (d.f.) for the error were 48 for all studied traits. Significant effects are highlighted in bold.

A. Winter.
Source MS F P MS F P MS F P MS F P MS F P
df LPO PC p53 p38 JNK
Temperature 1 211.604 0.648 0.425 0.132 2.895 0.097 0.438 5.890 0.019 0.049 11.043 0.002 0.127 51.043 <0.001
Jntreatment 4  1.80E+04 55272 <0.001  0.620  13.641  <0.001  0.145 1953  0.116  0.024 5.514 0.001  0.008 3308  0.018
T * Zn 4 8307.239 25.452  <0.001 0.071 1.569 0.201 0.116 1.554 0.201 0.009 1.998 0.109 0.007 2.626 0.045
df COX Caspase 3 Bcl-2 NF-xB TGF-f
Temperature 1 0.093 0.198 0.658 3.620 14.132 <0.001 0.083 19.618 <0.001 16.379 51.638 <0.001 14.449  67.815 <0.001
Jntreatment 4 1289 2747 0083 0840 3279  0.018 0004 0912 0464 1989 6271 <0.001 0323 1515 0212
T * Zn 4 0.191 0.407 0.803 0.368 1.435 0.236 0.002 0.407 0.803 0.377 1.190 0.327 0.387 1.816 0.140




B. Summer.

Source MS F P MS F P MS F P MS F P MS F P
df LPO PC p33 p38 INK
Temperature 1 6.147 6.797 0.013 2.81E+06 5.389 0.025 0.004 0.115 0.736 0.618 8.483 0.005 0.013 6.490 0.014
Zntreatment 4 42330 46806  <0.001 578E+06 11085  <0.001 0019 0496 0739  0.294 4037 0006 0002 0835 0509
T* 7n 4 8.593 9.501 <0.001  1.35E+06 2.580 0.052 0.075 1.957 0.115 0.017 0.236 0.917 0.001 0.635 0.640
df COX Caspase 3 Bel-2 Nf-kB TGF-B
Temperature | 26360 51550  <0.001 1.718 10.117 0.003 0.076 0.120 0.731 0.303 3.280 0.076 2224 42677 <0.001
Zntreatment 4 1031 2016 0016 0522 3070 0.024 0517 0811 0.524 0136 1473 0224 0096 1.849  0.134
T*7n 4 0.289 0.566 0.689 0.076 0.449 0.773 1.320 2.071 0.099 0.242 2.619 0.046 0.054 1.031 0.400




Supplementary Table 4. Two-way ANOVA analysis of the molecular and cellular stress biomarkers in gill/ digestive gland of M. edulis

exposed to different combinations of Zn treatment and season at 15 °C. Season: winter and summer. Zn treatment: control, 10 pg 1! nano-ZnO,

100 pg 1I"! nano-ZnO, 10 pug 1I"! Zn**, and 100 ug I"! Zn?",

MS: mean square; P: p-value. Degrees of freedom (d.f.) for the error were 48 for all studied traits. Significant effects are highlighted in bold.

A. Gill.

Source MS F P MS F P MS F P MS F P MS F P
df LPO PC p33 p38 INK

Season 1 6.314 245400 <0.001 3.05E-08 5.622 0.023 2.338 95.646 <0.001 8.351 416.192 <0.001 0.016 0.775 0.383

Jntreatment 4 0325 12637 <0.001 3.03E-08 5599  0.001 0110 4517  0.004 0303 15090  <0.001  0.058 2739  0.039

Season * Zn 4 0.738 28.693  <0.001 4.81E-09 0.888 0.480 0.083 3.402 0.016 0.214 10.650 <0.001 0.060 2.850 0.034
df (6(0),¢ Caspase 3 Bcl-2 NF-kB TGE-B

Season 1 6.890  102.381 <0.001 74.359 541.288  <0.001 41462 151.646  <0.001 22.300 97.599 <0.001 75.038 509.362 <0.001

Intreatment 4 0243 3.607 0012 1.076 7832 <0.001 0460 1681  0.170 0313 1371 0258 0370 2515  0.054

Season * Zn 4 0.323 4.795 0.002 0.369 2.688 0.042 2.209 8.081 <0.001 0.308 1.349 0.266 1.457 9.888 <0.001




B. Digestive gland.

Source MS F P MS F P MS F P MS F P MS F P
df LPO PC p33 p38 INK

Season 1 0.034 0.000 0.993  1.52E+04  0.021 0.885 2.295 21.525  <0.001 0.011 2.487 0.121 0.014 8.811 0.005

Intreatment 4 277E+04 64717 <0001 335E+06 4691  0.003 0343 3220  0.020  0.007 1522 0210 0.004 2740  0.039

Season * Zn 4 990.343 2316 0.074  S5.01E+05  0.701 0.596 0.064 0.605 0.661 0.001 0.250 0.908 0.001 0.476 0.753
df (6(0),¢ Caspase 3 Bel-2 NE-«B TGF-B

Season 1 91.631 190.327 <0.001 28.266 134.164  <0.001 18.567  31.493  <0.001 18.901 66.570 <0.001 10.168 44.580  <0.001

Intreatment 4 0502 1043 0394 0290 1375 0256 1156 1961  0.15 1993 7019 <0.001  0.183  0.802  0.530

Season * Zn 4 0.146 0.303 0.875 0.189 0.898 0.472 0.826 1.401 0.247 0.163 0.573 0.684 0.106 0.466 0.760




Supplementary Table 5. Factor loadings for the first two principal components of the
molecular and cellular stress related biomarkers of gill of M. edulis exposed to
different combinations of Zn treatment and temperature in both winter and summer

experiment.

Traits with high loadings (>0.6 absolute value) are highlighted in bold.

Winter Summer
Variable
Factor 1 Factor 2 Factor 1 Factor 2

pS3 -0.028117 0.169716 0.506058 0.221027
p38 -0.640950 -0.142717 0.633959 -0.020793
INK -0.522558 -0.378860 0.892112 0.135744
COX 0.453987 0.412546 -0.353464 0.827922
Caspase3 -0.283819 -0.732238 0.740488 0.471667
Bcl-2 -0.747375 0.026524 0.552076 -0.396939
NF-«xB -0.551608 0.448797 0.654019 0.095924
TGF-p -0.512681 0.542076 -0.470755 0.575276
LPO -0.181739 -0.443389 -0.436297 -0.382231
PC 0.421104 -0.510745 0.291912 -0.054605

Supplementary Table 6. Factor loadings for the first two principal components of the
molecular and cellular stress related biomarkers of digestive gland of M. edulis
exposed to different combinations of Zn treatment and temperature in both winter and

summer experiment.

Traits with high loadings (>0.6 absolute value) are highlighted in bold.

Winter Summer
Variable
Factor 1 Factor 2 Factor 1 Factor 2

p53 0.692993 -0.189453 -0.537169 -0.481876
p38 -0.898818 0.023427 -0.847821 -0.010195
INK -0.843851 -0.326301 -0.361640 -0.639223
COX -0.544757 0.425021 -0.614351 0.418689
Caspase3 -0.783131 -0.025169 -0.791624 0.089169
Bcl-2 -0.584535 -0.411021 -0.520195 -0.555214
NF-xB -0.856702 -0.074601 -0.722072 -0.043636
TGF-B -0.748100 -0.534870 -0.807703 0.176618
LPO -0.510953 0.562425 -0.193355 0.504784

PC -0.631086 0.519916 -0.462323 0.542740




Supplementary Table 7. Discriminant Function Stepwise Analysis of the molecular
and cellular stress related biomarkers of gill of M. edulis exposed to different
combinations of Zn treatment and temperature in winter experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red.

Wilks' Lambda: 0.01081, Fo0.220=2.3260, P< 0.001.

Wilks' Partial F-remove P-value 1-Toler.

Lambda Lambda (2,16) (R-Sqr.)
p53 0.015750 0.686450 1.573317 0.167029 0.212699
p38 0.011926 0.906563 0.355008 0.947691 0.386623
JNK 0.017841 0.605999 2.239467 0.046260 0.304492
COX 0.015525 0.696395 1.501665 0.191089 0.300994
Caspase3 0.020583 0.525248 3.113307 0.008773 0.360803
Bcl-2 0.012814 0.843739 0.637911 0.756047 0.409469
NF-xB 0.017426 0.620426 2.107301 0.059776 0.228561
TGF-B 0.016417 0.658553 1.785877 0.111347 0.345276
LPO 0.020718 0.521842 3.156101 0.008105 0.217896
PC 0.021196 0.510056 3.308622 0.006124 0.370663

Supplementary Table 8. Discriminant Function Stepwise Analysis of the molecular
and cellular stress related biomarkers of gill of M. edulis exposed to different
combinations of Zn treatment and temperature in summer experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red.

Wilks' Lambda: 0.00025, Fo0.220=5.8680, P< 0.001.

Wilks' Partial F-remove P-value 1-Toler.

Lambda Lambda (2,16) (R-Sqr.)
p53 0.000549 0.457574 4.083180 0.001554 0.460367
p38 0.000510 0.492207 3.553512 0.003932 0.495941
JNK 0.000476 0.526850 3.093360 0.009103 0.761319
COX 0.000397 0.632155 2.004292 0.072998 0.663959
Caspase3 0.000361 0.696019 1.504333 0.190138 0.498736
Bcl-2 0.000686 0.366081 5.964537 0.000080 0.584037
NF-xB 0.000714 0.351585 6.352463 0.000046 0.513935
TGF-B 0.000651 0.385512 5.490275 0.000161 0.297744
LPO 0.000892 0.281381 8.796773 0.000002 0.170231

PC 0.000412 0.609901 2.203099 0.049638 0.284071




Supplementary Table 9. Discriminant Function Stepwise Analysis of the molecular
and cellular stress related biomarkers of digestive gland of M. edulis exposed to
different combinations of Zn treatment and temperature in winter experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red.

Wilks' Lambda: 0.00103, Fo0.220=4.3058, P< 0.001.

Wilks' Partial F-remove P-value I-Toler.

Lambda Lambda (2,16) (R-Sqr.)
p53 0.001205 0.853967 0.58902 0.795868 0.355812
p38 0.002084 0.493728 3.53195 0.004087 0.787267
INK 0.002088 0.492761 3.54564 0.003988 0.684126
COX 0.001563 0.658411 1.78701 0.111105 0.722162
Caspase3 0.001358 0.757812 1.10081 0.390784 0.460864
Bcl-2 0.001167 0.881967 0.46097 0.889344 0.258831
NF-xB 0.002652 0.388027 5.43237 0.000176 0.758376
TGF-p 0.002330 0.441634 4.35488 0.000981 0.706845
LPO 0.006762 0.152164 19.19198 0.000000 0.377983
PC 0.001761 0.584363 2.44992 0.030801 0.447305

Supplementary Table 10. Discriminant Function Stepwise Analysis of the molecular
and cellular stress related biomarkers of digestive gland of M. edulis exposed to
different combinations of Zn treatment and temperature in summer experiment.

Values that significantly discriminate studied groups (P<0.05) are shown in red.

Wilks' Lambda: 0.00213, Fo0.220=3.6178, P< 0.001.

Wilks' Partial F-remove P-value I-Toler.

Lambda Lambda (2,16) (R-Sqr.)
p53 0.003017 0.706646 1.42991 0.218330 0.594326
p38 0.002663 0.800537 0.85822 0.570779 0.518752
INK 0.004126 0.516661 3.22230 0.007174 0.590702
COX 0.004884 0.436484 4.44690 0.000842 0.493766
Caspase3 0.003318 0.642551 1.91613 0.086594 0.557215
Bcl-2 0.002967 0.718553 1.34914 0.253112 0.431442
NF-xB 0.003063 0.696101 1.50375 0.190346 0.463684
TGF-p 0.003160 0.674576 1.66165 0.141262 0.468977
LPO 0.014703 0.144998 20.31065 0.000000 0.350957
PC 0.004138 0.515274 3.24024 0.006941 0.174342

Supplementary Table 11. Squared Mahalanobis distances of discriminant Function



Stepwise Analysis of M. edulis exposed to different combinations of Zn treatment and

temperature.

Experimental treatment groups: NP 10 — 10 pg 1" nano-ZnO; NP 100 —100 pg 1!
nano-ZnO; Zn 10 — 10 pg I'! Zn**; Zn 100 —100 pg 1! Zn**.

Season  Temperature Tissues Groups NP 10 NP 100 Zn 10 Zn 100
winter 10 gill control  4.2303  21.2557 11.9201 13.8051
winter 15 digestive gland  control  3.2166 8.1847 7.7188  16.5778
summer 15 gill control 10.2058  21.0735 23.4558 26.1979
summer 20 digestive gland  control  25.1009  34.7387  44.0608 43.3106
winter 10 gill control  5.7368  42.0068 17.4675 45.4548
winter 15 digestive gland  control 32.0314 108.4905 4.7265 22.1057
summer 15 gill control  19.9945  40.6373  9.5200 24.3284
summer 20 digestive gland control  12.5518  65.5275  8.3628  32.1099




Supplementary Table 12. A summary table indicating changes in the studied molecular and cellular stress related biomarkers in gill or digestive
gland of M. edulis.

Changes in a trait compared to the respective control (not exposed to nano-ZnO or dissolved Zn at the same respective acclimation temperature)
are indicated as follows: upward arrow (1) and red color — increase, downward arrow (]) and blue color — decrease, tilde (~) — no significant
change. Experimental treatment groups: W10 and W15 — winter mussels acclimated at 10 and 15 °C, respectively; S15 and S20 - summer
mussels acclimated at 15 and 20 °C, respectively. NP 10 — 10 pg 1" nano-ZnO; NP 100 —100 pg I'! nano-ZnO; Zn 10 — 10 pg "' Zn**; Zn 100 —
100 pg I'' Zn*".
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B. Digestive gland
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