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GENERAL ABSTRACT

Contaminants of emerging concern (CECs) represent an increasing threat to marine
ecosystems, underscoring the need to comprehend their interactions and toxicity. Among these,
nanoplastics (NPs), particularly secondary NPs, are prevalent and pose ecological risks. Other
contaminants, such as 5-Fluorouracil (5-FU), a cytostatic drug resulting from wastewater
discharge, and silver nanoparticles (nAg), further exacerbate ocean pollution. Mussels, which
reproduce in the water column, expose their gametes to these contaminants, making it essential
to evaluate their impact on reproductive success and ecological balance. This thesis evaluates
the toxic effects of polystyrene (PS) NPs (50 nm; 10 pg/L), 5-FU (10 ng/L), and nAg (20 nm;
10 pg/L) individually and in mixtures in Mytilus galloprovincialis, with a focus on
reproductive organs and sex-specific differences. It employs genotoxicity, neurotoxicity,
cytotoxicity, antioxidant enzymes, lipid peroxidation, proteomic analyses, and a weight-of-
evidence approach to assess hazard levels and synergistic and antagonistic interaction effects.
PS-NP impacts on gametes and embryo-larval development were also examined. PS-NP
interactions with abiotic and biotic factors influence their toxicity, affecting marine organisms
at multiple levels. Mussels ingest PS-NPs, leading to tissue-specific accumulation, oxidative
stress, neurotoxicity, and reproductive impairments, particularly in females. Disruptions in
gonadal protein expression impact gametes and reproductive success, reducing oocyte and
spermatozoa counts while compromising oocyte integrity. Larval development suffers,
especially when gametes are exposed pre-fertilisation, resulting in smaller, malformed larvae
with greater contaminant accumulation. 5-FU induces genotoxicity and oxidative stress, and
its combination with PS-NPs and nAg leads to synergistic toxicity. The mixture of PS-NPs and
5-FU is the most harmful. Contaminant mixtures exacerbate reproductive harm and threaten
biodiversity. Understanding these combined effects is essential for environmental

management, as their interactions amplify toxicity and long-term ecological risks.



RESUMO GERAL

Os contaminantes emergentes (CECs) representam uma nova ameaca ao meio marinho,
tornando essencial compreender as interacdes e a potencial toxicidade das misturas de CECs
guando entram no oceano. Os nanoplasticos, especialmente os nanoplasticos secundarios, sao
abundantes no ambiente marinho e apresentam riscos ecoldgicos significativos. Para além dos
nanoplasticos, contaminantes emergentes como o 5-Fluorouracilo (5-FU), um farmaco
citostatico, que entra nos ecossistemas marinhos devido ao tratamento inadequado de aguas
residuais, assim como as nanoparticulas de prata (nAg) sdo uma preocupacdo para a saude do
oceano. Os mexilhdes reproduzem-se na coluna de agua e, caso a gametogénese seja bem-
sucedida, os gametas ficam expostos aos contaminantes presentes no ambiente marinho.
Compreender as repercussdes que estes contaminantes podem ter nos gametas € no
desenvolvimento embrionario-larval ¢ fundamental, uma vez que o sucesso reprodutivo

garante geragdes futuras vidveis, assegurando assim o equilibrio ecologico e a biodiversidade.

As interacBes dos PS-NPs com fatores abidticos e bidticos influenciam as suas
propriedades e toxicidade, afetando os organismos marinhos em varios niveis troficos.
Consequentemente, esta tese avalia os efeitos toxicos dos nanoplasticos de poliestireno (50 nm;
10 pg/L), 5-FU (10 ng/L) e nAg (20 nm; 10 pg/L), tanto individualmente como em misturas,
no mexilhdo do Mediterraneo Mytilus galloprovincialis, com foco nos efeitos da acumulacéo
nas branquias, glandula digestiva, e no orgdo reprodutivo bem como diferencgas entre machos
e fémeas. Foram analisados varios efeitos bioldgicos como genotoxicidade, neurotoxicidade,
citotoxicidade, enzimas antioxidantes e peroxidacdo lipidica e proteémica. Além disso, a
caracterizacdo das nanoparticulas e a ingestdo de PS-NPs também foram avaliadas. Foi,
também, utilizada uma abordagem de Weight of Evidence para avaliar o nivel de risco, e
calcularam-se os efeitos sinérgicos e antagénicos. Os efeitos dos PS-NPs nos gametas e no

desenvolvimento embrionario-larval do mexilhdo também foram avaliados.

M. galloprovincialis ingere PS-NPs, resultando em acumulagdo especifica em
determinados tecidos, sendo as gonadas as mais prejudicadas, e como resultado leva ao stress
oxidativo, neurotoxicidade e impactos na reproducdo, sobretudo nas fémeas. As alteracdes na
expressdo proteica nas gonadas masculinas e femininas afetam os gametas e 0 sucesso
reprodutivo. A exposicao a PS-NPs resultou numa reducdo significativa no nimero de o6citos
e espermatozoides, comprometendo a integridade dos odcitos. O desenvolvimento larvar foi

negativamente afetado, especialmente quando os gametas foram expostos antes da fertilizacao,



resultando em larvas menores e malformadas, com maior acumulagdo de contaminantes nos

gametas do que nos embrides.

O 5-FU induz genotoxicidade e stress oxidativo nos mexilhdes e, quando combinado
com PS-NPs e nAg, ocorrem efeitos toxicos sinergéticos, sendo a mistura de PS-NPs e 5-FU
mais prejudicial do que a mistura terciaria. A exposicdo a misturas destes contaminantes induz
danos reprodutivos, comprometendo a gametogénese e reduzindo o sucesso da fertilizacdo,
ameacando assim a dinamica populacional e a biodiversidade. Os efeitos combinados dos
contaminantes emergentes requerem atencao cientifica urgente, uma vez que as suas interacdes
amplificam a toxicidade e representam riscos ecoldgicos a longo prazo. E fundamental
aprofundar a investigacdo sobre 0s seus mecanismos, especialmente no que diz respeito a satde
reprodutiva e a estabilidade dos ecossistemas, para uma gestdo ambiental e decisfes politicas

mais informadas.
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1.1. Contaminants of emerging concern

Contaminants of emerging concern (CECs) are a range of chemical compounds
(anthropogenic and naturally occurring) that are not routinely monitored in the environment
(Larroze et al., 2021). CECs must fall within two criteria: environmental persistence and
harmfulness and ecotoxicological effects (Pastorino & Ginebreda, 2021). Polycyclic aromatic
hydrocarbons (PAHs), pesticides, metals, environmental oestrogens, (micro)plastics and
phthalates, nanoparticles, medications, personal care items, UV filters, flame retardants, and
disinfection byproducts are among the CECs (Larroze et al., 2021). Besides other sources, such
as waste mismanagement and landfill dumping, wastewater treatment plants (WTTP) are the
primary source as they need the correct techniques or strategies for removing CECs, leading to

an inevitable release into our Oceans.

1.2. Nanoplastics impact on marine biota: A review

Emerging contaminants, such as nanoplastics, are gaining a vast interest within the
scientific community. Most of the plastic debris found in the marine environment originates
from land-based sources, and once in the marine environment, plastic can be degraded into
smaller fragments. Nanoplastics fall within the definition of other nanoparticles (1 to 100 nm
in size) and may be divided into primary or secondary nanoplastics. Primary nanoplastics enter
the environment in their original small size associated with specific applications and consumer
products, whilst secondary nanoplastics are a consequence of macro/microplastic degradation.
The formation of nanoplastics changes the physical-chemical characteristics of the particle;
thus, at a nanoscale, it is expected that the nanoparticles' strength, conductivity, and reactivity
will differ substantially from macro/micro-sized particles. To date, the toxicity nanoplastics

may pursue on marine biota is still scarce.

1.2.1. Plastics: What are nanoplastics?

An ongoing worldwide environmental concern is plastic debris pollution, whereby in
2022, global plastic production reached 400.3 million tons (PlasticsEurope, 2023). In Europe,
plastics production almost reached 58.7 million tons, whilst China alone produced 32% of the
world’s plastics (Plastics Europe, 2023). Plastics are synthetic organic polymers with high
durability, are lightweight, and can easily be moulded into any shape or product (Worm et al.,
2017). Plastic chemical stability, persistence and bioaccumulation have caused plastic pollution

to become increasingly prominent (Shen et al., 2019; Hu et al., 2020). The wide use of plastic
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in a variety of applications increases its release into the marine environment, whereby most of
the plastic debris found in the marine environment originates from land-based sources (Bouder
& Friot, 2007; Jambeck et al., 2015). Plastics are quite resistant to decomposition. Therefore,
sizeable plastic litter will break into meso-plastics (5-40 mm), microplastics (1-5000 pm)
(Thompson et al., 2004), and nanoplastics (NPs) (1-100 nm) (Gigault et al., 2018) before
decomposing completely. NPs fall within the definition of other nanoparticles (1 to 100 nm in
size) (Koelmans et al., 2015; Gigault et al., 2018) and may be divided into primary or secondary
NPs. Primary NPs are those that enter the environment in their original small size associated
with specific applications and consumer products (e.g., cosmetics, clothing fibres, drug
delivery, ink for 3D printers) (Bergami et al., 2016; Canesi et al., 2015; Bessa et al., 2018;
Tamminga et al., 2018; Wang et al., 2018), whilst secondary NPs are a consequence of
macro/microplastics degradation (Andrady, 2011; Cole et al., 2011). However, Koelmans et al.
(2015) establish that the time required to reach nano-sized particles depends on the size of the
initial plastic.

NP formation leads to alterations in the physical-chemical characteristics of the particle,
surface area and size, wherein, at a nanoscale, the strength, conductivity and reactivity will
differ substantially from macro/micro-sized particles (Klaine et al., 2012; Mattsson et al., 2015,
2018). As the size of the plastic particle decreases, biological reactivity, on the other hand,
increases, thus being crucial to comprehend the burden of nanoplastic availability and its
biological impact on marine biota (Mattsson et al., 2018; Ferreira et al., 2019). The fate,
mobility and resilience of NPs are highly dependent on their stability and feasibility in forming
aggregates. The NP aggregation mechanism is critical as aggregates sediment or immobilise,
whereas dispersed NPs can diffuse, be more mobile, bioavailable, and potentially more harmful
(Ramirez et al., 2019). Natural organic matter (NOM), inorganic colloids, weathering, UV-
radiation, and biodegradation are all factors that affect the composition, stability, formation of
NP aggregates, and the particle’s nano-specific properties (Andrady, 2011; Oriekhova & Stoll,
2018; Shen et al., 2019). Weathering, for instance, increases the crystallinity of plastic debris,
acquiring carbonyl functionalities inclusive of negative surface charges because of oxidation
(Fotopoulou & Karapanagioti, 2012; Rouillon et al., 2016). Likewise, NOM and inorganic
colloids lead to the aggregation of NPs (Oriekhova & Stoll, 2018), consequently becoming less
bioavailable and less prone to enter biological membranes. Adsorbed NOM convey a negative
charge and alters the surface characteristics of NPs by raising their absolute surface potential
(Zhang et al., 2009). Nonetheless, high NOM concentrations can reverse the surface charge of
NPs, facilitating the stabilisation of NPs (Ramirez et al., 2019). Therefore, the charge
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neutralisation of the isoelectric point is a prerequisite for the creation of large aggregates
composed of NPs, thus a crucial mechanism for managing environmental nanoplastics
identification, as well as incrementing the importance of NPs surface charge neutralisation
(Oriekhova & Stoll, 2018).

Herein, another issue to be addressed is plastic polymers with adsorbed toxic
compounds such as polycyclic aromatic hydrocarbons (PAHs), persistent organic pollutants
(POPs), polychlorinated biphenyls (PCBs) and other chemical constituents (i.e., metals) (Rios
et al., 2007; Teuten et al., 2009; Lee et al., 2014; Rochman et al., 2016; Davranche et al., 2019).
NP’s high surface area favours this sorption by binding chemicals hydrophobically (Liu et al.,
2016), which in turn also increases the potential toxicity of the nanoparticle towards marine
biota because of the possible release of these sorbates and constituent chemicals. This increases
the importance of establishing the mode of action of NPs with sorption of pollutants in the
marine environment, how they behave as vectors, and the toxicity they may pursue on marine
biota.

Plastic particle toxicity to marine organisms depends on particle size, concentration and
exposure period, where the toxicity of NPs is also affected by pollutants, food availability,
species and their developmental stage (Kogel et al., 2020). Decreased growth rate, energy and
movement, stress, inflammation and malformations are associated with nanoplastic toxicity
towards marine biota (Kogel et al., 2020). The smaller the particle size, the more prone marine
organisms are to toxicity by these NPs as the surface area increases, and so does the possibility
of passing through biological membranes. On the grounds of their nano-size, NPs have an
increased ability to pass through cellular boundaries and accumulate within organisms, easily
entering the food web and possibly escalating trophic levels up to human beings (Mattsson et
al., 2015, 2018; Worm et al., 2017; Peng et al., 2020). The knowledge of NP’s effects on marine
biota is still scarce. This review's purpose is to gather all information on nanoplastics toxicity

available on marine biota to date.

1.2.2. Effects of nanoplastics in marine biota

According to the Plastics Europe Fact sheet (2023), the leading plastic polymers are
polypropylene (PP [15.4%]), low-density and high-density polyethylene (LDPE [13.4%] &
HDPE [8.7%]), polyvinyl chloride (PVC [9.1%]), polystyrene (PS [5.4%]), polyurethane (PUR
[5.3%]) and polyethylene terephthalate (PET [5.0%]). These plastic polymers are employed in
many industries, such as electronics, personal health care, food packaging, housing insulation,

and medical equipment and devices (PlasticsEurope, 2023).



Though nanoplastics have not yet been quantified in the marine environment, Halle et
al. (2017) obtained a nanoplastic portion from the North Atlantic subtropical gyre, wherein
PVC, PET, PS and polyethylene (PE) were the plastic polymers present at a nanoscale.
Although the quantification of NPs in the marine environment has yet to be explored, Halle et
al. (2017) provided evidence for the existence of plastic debris in the nano-fraction in the
marine environment. Nevertheless, NPs effect on marine organisms at environmentally
relevant concentrations are still being determined due to the lack of quantification of NPs in
the marine environment. Moreover, accurately measuring the concentration of NPs is a major
challenge as several analytical methods are required for various types of NP polymers as well
as for various complex matrices (soil, sediments, turbid waters and tissues) (Halle et al., 2017).

With regards to the evaluation of nanoplastic toxicity in marine biota, a summary of the
data available in the literature for the species evaluated to date can be found in Figure 1.2.1.
Figure 1.2.1. the crustacean 4. fransiscana and the mollusc Mytilus galloprovincialis are the
species most evaluated in the scientific literature on NP exposure. With relation to the groups
of marine biotas presented in Figure 1.2.1., a wide array of species from primary producers to
primary/secondary consumers have been studied, providing an insight into the effects of NPs
at various levels of the marine ecosystem, wherein crustaceans and molluscs, again, are highly

used in ecotoxicological assessments of NPs.
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Figure 1.2.2. shows that PS NPs and poly(methyl methacrylate) (PMMA) were the

only NPs frequently used to evaluate the effects in biota with either an amide-group or a
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carboxyl-group attached, focusing on how negatively charged and positively charged particles
toxicity differ, but PS-NH2 was the type of PS NPs predominately used in comparison with
other chemical groups attached to PS or types of nanoplastic polymers.

18 -
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12 4

10 A

Number of species

PS PS-COOH PS-NH2 PMMA

Plastic Polymer

Figure 1.2.2. Type of NP polymers used in ecotoxicological assessments vs number of species whereby
the effects of NP polymers have been assessed.

Moreover, Figure 1.2.3 presents the percentage of the different nanoparticle sizes for
each polymer type. As can be seen in Figure 1.2.3., Different size range percentages were used
for each NP polymer, making it difficult to compare the effects. Furthermore, in this review,
the effects of nanoplastics on marine biota are characterised below, initiating with bacteria and
ascending through the trophic levels. A summary of the effects of nanoplastics evaluated in

marine biota to date can be found in Tables 1.2.1. — 1.2.4.
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Figure 1.2.3. Percentage of nanoparticle size (nm) for each type of polymer used. PS — polystyrene;
PS-COOH - anionic carboxylated polystyrene; PS-NH, — cationic amino polystyrene; PMMA —
poly(methyl methacrylate).



1.2.2.1. Bacteria

Bacteria are an important component of marine ecosystems, and microbial community
alterations due to the presence of environmental contaminants, such as nanoplastics, may have
significant effects on biogeochemical cycling as well as other critical ecosystem services
(Rotini et al., 2017). Bacteria exposed to several polymers of PS-NPs of different sizes and
exposure times are summarised in Tables 1.2.1. — 1.2.3. Recently, Okshevsky et al. (2020)
observed that marine bacteria formation of biofilm on PS NPs is impacted by both
concentrations and surface functionalisation of PS NPs, suggesting that species interaction
along with surface properties and concentrations of plastic NPs are determining factors on how
NPs impact marine bacteria biofilm formation. For instance, PS-NH: at the highest
concentration (200 ppm; 20 nm; 5 days) led to an increase in aggregation in all species studied
whilst generating a decrease in both growth rate and optical density (ODesoo) (Okshevsky et al.,
2020). PS-NH: also prompted a decrease in the biofilm formation of all bacteria species except
for Oceanobacter kriegii (Okshevsky et al., 2020). On the other hand, negatively charged NPs
(PS-COOH; 200 ppm; 20 nm; 5 days) promoted biofilm formation of some bacteria species
(Marinobacter adherens, Marinobacter algicola, Cobetia marina and O. kriegii), whilst
causing a decrease in others (Phaeobacter inhibins) (Okshevsky et al., 2020). PS-COOH
additionally, increased growth rate, ODeoo and aggregation of C. marina, as well as aggregation
of Pseudoalteromonas carrageenovora, and a decrease in growth rate and ODeoo of O. kriegii
(Okshevsky et al., 2020). Undoubtedly, the surface properties of NPs have contrasting effects
on a battery of bacteria, making it imperative to understand the kinetics of toxicity of differently
charged nanoplastics. In the marine bacterium Halomonas alkaliphile, a bacterium which
thrives in high salt concentrations, exposed to cationic amino PS nanoparticles (PS-NHz; 50
nm) and to PS nanobeads (PS-beads; 55 nm) for 2 hours at different concentrations (20, 80,
160 and 320 pg/mL) affected cell growth, and influenced the chemical composition and
ammonia conversion efficiencies at 80 pg/L (Sun et al., 2018). Furthermore, PS-NH:2 induce
higher oxidative stress towards bacteria when compared to PS-beads, as these positively
charged NPs adhere to the cell surface by the action of electrostatic activity, promoting higher
toxicity by these NPs (Sun et al., 2018). Overall, NPs with an amide group have more toxic
effects in bacterial communities than NPs with a carboxyl group. After that, the NP toxicity is

dependent on functionalised NP surface charge and size.



Table 1.2.1. The effects of polystyrene nanoparticles (PS; <100 nm) on marine biota according to size,
concentration and exposure period. Abbreviations include: 1 - increased; | - decreased; | - inhibited,
T -induced; » - altered; ROS - Reactive oxygen species; LC/ECx — Lethal or sublethal concentration
causing x% of effect.

Particle size| Concentration | Exposure
Phylum Test species Particle type . P Effects Reference
(nm) (ng/mL) time (h)
. . Sun et al.,
Bacteria Halomonas alkaliphilia 55 20 -320 2 | growth rate; (32% at 320 pg/mL) 2018
PS (beads) "
. . . Sjollema et
Algae Dunaliella tertiolecta 50 250 72 1 45% cell density; | 57% growth rate al. 2016
e N 1 mortality; NSW — EC50 = 6.62 + 0.87 ug/mL; RSW| Manfra et
Rotifers Brachionus koreanus 50 10 24 — ECS0 =2.75 £ 0.67 ug/mL al, 2017
Amphibalanus Bergami et
amphitrite (11 stage of 0.5-10 24 and 48 1 expression of clap and csth ; 1 n° of molts (48h) al g20 176
nauplius) 100 ”
Lo . | swimming speed (24h); | swimming speed 1 post
Crust; y 7 ’ :
rustacea Artemia franciscana PS 0.001 - 10 24and 48 | 48h (1 and 10 pg/mL); Ingested and accumulated pg | Cambardella
(1st instar larvae) X etal, 2017
in gut
Lo . Lo | fecundity; 1 embryo malformations; 1 mortality Leeetal.,
Trigriopus japonicus 30 0.125-25 %6 larvae; mortality of parents at 25 pg/mL 2013
Mytilus edulis 30 100, 200 and 300 8 T production of pseudofaeces.ﬂ 1 proportionally to | Wegner et
concentration al., 2012
Molluscs s 05-50 1 enzym.atic acli.vity; 1 neu.rcttralnsmission; Toxic.lative
} stress; T LPO; 1 genotoxicity; & gene expression
Mytilus Brandts et
L 106 +10 96
galloprovincialis PS with 05463 ug/l of al.,, 2018b
S+e6. .. .
carbamazepine hefto 1 genotoxicity; | gene expression
Cbz
(Cbz)
Dicentrarchus labrax 0.001 - 10 24 | cell viability (66%) (0.001 pg/mL); minimum
Fish (DLB-1) PS 100 ) viability = 64% (1 pg/mL) Almeida et
Spaurus aurata (SAF- 0.001 - 10 24 | cell viability (25%) (0.001 pg/mL); mild effectsat | al., 2019
1) ) higher concentrations

1.2.2.2. Algae

Algae, as primary producers, are key organisms in sustaining a healthy aquatic
environment, as they are the base of food webs, source of oxygen production as well as other
nutrients (Mao et al., 2018). The use of algal assays for ecotoxicological assessment of
emerging contaminants is mainly linked to their high-sensitivity response, enabling the
detection of toxic effects at lower concentrations that are not detectable by other marine
organisms (Palumo & Mingazzini, 2011). The ecotoxicological assessment of NPs on marine
algae has been investigated in some species (Sjollema et al., 2016; Bergami et al., 2017,
Venancio et al., 2019; Gonzalez-Fernandez et al., 2020; Gomes et al., 2020) (see Table 1.2.1. —
1.2.4)). An inhibitory effect on growth and development of the microalgae Dunaliella
tertiolecta exposed to PS beads (50 nm) at 250 pg/mL for 72 hours (Sjollema et al., 2016) and
exposed to PS-NH:2 (50 nm) and PS-COOH (40 nm) for the same time (Bergami et al., 2017)
was observed, wherein PS-COOH showed no effects, though PS-COOH were adsorbed on
microalgae (Bergami et al., 2017). PS-NHz, on the other hand, inhibited cell growth (Bergami
et al., 2017), and PS beads led to a reduction of 45% in cell density and cellular growth was
affected by 57% after exposure (Sjollema et al., 2016). There is a higher affinity of positively
charged NPs (PS-NH>) in comparison to negatively charged NPs (PS-COOH). This may be



due to the electrostatic interactions between the positively charged particles and cellulose, the
major component of cell walls in algae, as shown by Bhattacharya et al. (2010) in the
freshwater single-celled algae Chlorella and multi-celled algae Scenedesmus (PS-COOH and
PS-NH2; 20 nm; 0.08 — 0.8 ug/mL; 2 h).

A battery of microalgae, Tetraselmis chuii, Nannochloropsis gaditana, Isochrysis
galbana, and the marine diatom Thalassiosira weissflogii, after 96 hours of exposure to PMMA
(40 nm; 0 — 304.1 mg/L for microalgae and 0 — 293.0 mg/L for marine diatom) had significant
impacts on growth rates of all microalgae (Venancio et al., 2019). T. chuii presented the highest
median effective concentration (ECso = 132.5 mg/L), whereas 7. weissflogii showed to be the
most sensitive microalgae (ECso = 83.4 mg/L) (Venancio et al., 2019). In the marine diatom
Chaetoceros neogracile, after 96 h of exposure to PS-NH2 (50 nm; 0.05 pg/mL and 5 pg/mL),
pigment and lipid compositions of diatoms were affected (Gonzalez-Fernandez et al., 2020).
Re-adjustment of lipid classes and fatty acids were noteworthy at both growth phases, whereby
thylakoid membrane structure and cellular energy reserves of diatoms were observed after PS-
NH:2 exposure. Highest concentrations of PS-NH: lead to impairment of long-chain fatty acids,
particularly at exponential cultures (Gonzalez-Fernadndez et al., 2020). In the red microalgae,
Rhodomonas baltica, exposed to PMMA and PMMA-COOH (50 nm; 0.5 — 100 pg/mL; 72 h),
both NPs were found to be toxic, wherein the interaction of NPs with microalgae was particle
behaviour dependent (Gomes et al., 2020). A greater effect on cellular and physiological
parameters was caused by PMMA exposure. Meanwhile, PMMA-COOH inhibition of
microalgae growth was associated with cell cycle and cell viability (Gomes et al., 2020). A
decrease in photosynthetic performance was also an outcome of both NPs, increasing the
importance of comprehending the toxicity of NPs in algae, as its effects on the photosystems
of primary consumers consequently affect the entire ecosystem.

The information below suggests that these particles' nanotoxicity impacts algae's cell
wall and pigmentation, possibly inactivating the photosystems and hindering photosynthesis.
Nonetheless, the available data shows that PS-NH2 has more pronounced effects than PS-
COOH. Moreover, algae's uptake of nanoplastics depends on particle charge and surface
functionalisation. Still, NPs appear to cause physiological distress once within the algal

metabolism.
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Table 1.2.2. The effects of anionic carboxylated polystyrene nanoparticles (PS-COOH; <100 nm) on
marine biota according to size, concentration and exposure period. Abbreviations are: 1 - increased; | -
decreased; | - inhibited; T - induced; ROS - Reactive oxygen species; LC/ECx — Lethal or sublethal
concentration causing x% of effect; ODgoo — optical density at 600 nm.

Particle |Particle size| Concentration | Exposure

Phyl Test species Effects Reference
vim P type (nm) (ng/mL) time (h)
<20 pg/mL — no impact on biofilm formation,
Marinobacter growth rate, OD600
adhearens 200 pg/mL — no impact on living/dead ratio; 1

biofilm formation

<20 pg/mL — no impact on biofilm formation,
growth rate, OD600
200 pg/mL — no impact on living/dead ratio; 1
biofilm formation; | growth rate; | OD600

Oceanobacter kriegii

<20 pg/mL — no impact on biofilm formation,
growth rate, OD600
Cobetia marina 200 pg/mL — no impact on living/dead ratio; 1
biofilm formation; 1 growth rate; 1 OD600; 1
aggregation

Bacteria 20 0-200 5 <20 pug/mL — no impact on biofilm formation, Okshevsky

growth rate, OD600 etal., 2020

200 pg/mL — no impact on living/dead ratio; 1
biofilm formation

Marinobacter algicola

<20 pg/mL — no impact on biofilm formation,

Pseudoalteromonas growth rate, OD600
carrageenovora 200 pg/mL — no impact on living/dead ratio; 1
aggregation

<20 pg/mL — no impact on biofilm formation,
growth rate, OD600

200 pg/mL — no impact on living/dead ratio; |
biofilm formation

Phaeobacter inhibins | pg_cooH

<20 pg/mL — no impact on biofilm formation,
growth rate, OD600
200 pg/mL — no impact on living/dead ratio

Marinobacter
hydrocarbonoclasticus

Algae Dunaliella tertiolecta 50 250 72 no effects Bergami t
al., 2017a

. . Lo . . Manfra et

Rotifers Brachionus plicatilis 0.5-50 24 and 48 | no effects on mortality; 1 gut retention of PS-COOH al. 2017
Paracentrotus lividus 2.5-50 6, 24"48 Accumulated in embryos; no malformations Della Torre
hpf etal., 2014

Echinoderms in vitro assay; 1 antioxidant response; 1 apoptosis; 1 .

. . 40 ) ( PR o o Bergami et

Sterechinus neumayeri 1 and 5 6 and 24 | phagocytic capacity; X modulation of genes related to al. 2019

external challenges; 1 inflammatory response v

. . . Bergami et

Artemia franciscana 0.5-10 24 and 48 no effects al.. 2017b

- upto instar III . . Bergami et

Crustacea upto m? ar 5-100 72 and 14* Accumulated and retained in gut lumen ereami @

nauplius al., 2016

Euphausia superba 60 25 48 No mortality; active swimming; waterbourne ingestion | Bergami et

and egestion al., 2020

Crassost gigas 1 cell size; 1 spermatozoa complexity; | n° Gonzilez-
Molluscs rassostred gigas 100 0.1-100 ltos > 1 sp prexity; Fernéndez et

(gametes) spermatozoa; T ROS (dose-response)
al., 2018
*days ** mins
.
1.2.2.3. Rotifers

Rotifers are primary and secondary consumers of high importance and relevance as
zooplankton members in several aquatic trophic webs (Wallace et al., 2006), playing an
important role in marine ecosystems as they transfer energy from the bottom of the food chain
to species higher up (Jeong & Choi, 2019). The small size and sensitivity, as well as ease of
culture and exponential growth, are favourable characteristics of rotifers as test models in
ecotoxicological studies (Dahms et al., 2011). Data on the effects of NPs on rotifers are scarce
(see Tables 1.2.1. — 1.2.4.). The rotifer Brachionus plicatilis exposed to PS-COOH and PS-
NH:2 (40 and 50 nm, respectively) at concentrations between 0.5 — 50 mg/L for 24-48 h, PS-
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COOH had no acute toxicity, whilst PS-NH2 nanoplastics, on the other hand, showed high
mortality (Manfra et al., 2017). Also, in B. plicatilis, after exposure to PMMA (40 nm; 96 h;
4.7—-75.0 mg/L), at 48 h into the exposure, the survival rate was highly affected in both L-type
and S-type rotifers (LCso = 13.3 mg/L and LCso = 37.6 mg/L, respectively) (Venancio et al.,
2019). In Brachionus koreanus exposed to two different sizes of PS microplastics (500 and
6000 nm, 10 pg/mL) and a PS nanoplastics (50 nm) for 24 h at a concentration of 10 pg/mL,
the accumulation of NPs was higher than microplastics and associated with oxidative stress-
induced damage to lipid membranes (Jeong & Choi, 2019). Rotifers’ survival is highly affected
after exposure to NPs, wherein NP toxicity is dependent on both polymer type and size.
Although further studies are necessary, particularly those related to different NP sizes,
positively charged NPs present a more toxic effect on rotifers than negatively charged NPs, as

seen in algae and bacteria.

1.2.2.4. Echinoderms

Considering echinoderms, sea urchins are highly considered excellent tools to assess the
toxicity of many chemical compounds and environmental stressors, especially during
embryonic life stages, as sea urchins have high sensitivity to low concentrations of
contaminants (Sugni et al., 2007). The effects of exposure to rotifers are presented in Tables
1.2.1. — 1.2.4. Paracentrotus lividus embryos and larvae exposed to PS-COOH (40 nm; 50
pg/mL) and PS-NH2 (50 nm; 10 pg/mL) for 6, 24 and 48 hours lead to accumulation of both
NPs, whereby PS-NH2 induced higher toxicity that was unseen by PS-COOH (Della Torre et
al., 2014). The half-maximum effective concentration (ECso) of PS-NH2 at 24 hpf and 48 hpf
were 3.82 ng/mL and 2.61 pg/mL, respectively, wherein malformations of skeletal rods and
arms, as well as undeveloped embryos, were some of the effects encountered after exposure to
PS-NH2 (Della Torre et al., 2014). Pinsino et al. (2017) also showed that P. /ividus exposed to
3 and 4 pg/mL of PS-NH: (50 nm) simultaneously induced skeletal rods and arms
malformations at 4 pg/mL. Therefore, the impact of skeletal rods and arms can be a specific
effect of NPs, but more data is necessary to confirm this. Moreover, in an in vitro assay of PS-
COOH and PS-NH:2 exposure to the sea urchin Sterechinus neumayeri (40 and 50 nm,
respectively; 6 and 24 h; 1 and 5 pg/mL), both NPs affected cellular phagocytosis, engendered
inflammatory responses towards oxidative stress and provoked apoptosis at a molecular level
(Bergami et al., 2019). Once more, Bergami et al. (2019) findings establish that different
surface-charged NPs are challenging for S. neumayeri immune cells. Comparatively, PS-NH2

possess a more toxic effect towards echinoderms than PS-COOH, as seen in bacteria, algae and
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rotifers. Predominately associated with the lack of toxicity of PS-COOH is the electrostatic cell
membrane repulsion (Bhattacharya et al., 2010), as well as the consequent loss of nanoscale
properties and reactivity due to NP agglomeration in SW (Bergami et al., 2017). Therefore,

NPs' toxicity towards echinoderms is particle size and type dependent.

Table 1.2.3. The effects of cationic amino polystyrene nanoparticles (PS-NH»; <100 nm) affect marine
biota according to size, concentration and exposure period. Abbreviations are: 1 - increased; | -
decreased; | - inhibited; X - affected; T - induced; ROS - Reactive oxygen species; LC/ECx — Lethal
or sublethal concentration causing x% of effect; ODgoo — optical density at 600 nm.

Particle |Particle size| Concentration | Exposure

Phyl Test species Effects Reference
v peet type (nm) (ng/mL) time (h)
Marinobacter <20 pg/mL — no impact on biofilm formation,
growth rate, OD600
adhearens

200 pg/mL — 1 aggregation; | growth rate; | OD600

<20 pg/mL — no impact on biofilm formation,
growth rate, OD600
200 pg/mL — 1 biofilm formation; 1 aggregation; |
growth rate; | OD600
<20 pg/mL — no impact on biofilm formation,
growth rate, OD600
200 pg/mL — | biofilm formation; 1 aggregation; |
growth rate; | OD600
<20 pg/mL — no impact on biofilm formation,

h rate, OD600
nobac ic. 20 0-200 5% growth rate,
Marinobacter algicola 200 pg/mL — | biofilm formation; 1 aggregation; | | etal., 2020

Oceanobacter kriegii

Cobetia marina

Okshevsky

Bacteria growth rate; | OD600
<20 pg/mL — no impact on biofilm formation,
Pseudoalteromonas growth rate, OD600
carrageenovora 200 pg/mL — | biofilm formation; 1 aggregation; |
growth rate; | OD600
<20 pg/mL — no impact on biofilm formation,
U growth rate, OD600
Phaeobacter inhibins 200 pg/mL — | biofilm formation; 1 aggregation; |
growth rate; | OD600
<20 pg/mL — no impact on biofilm formation,
Marinobacter growth rate, OD600
hydrocarbonoclasticus 200 pg/mL — | biofilm formation; 1 aggregation; |
growth rate; | OD600
- | growth rate; | chlorophyll content; 1 oxidative Sun et al.,
H. X 20 - 32 2
alomonas alkaliphilia PS-NH> 50 0-320 damage 2018
Dunaliella tertiolecta 40 250 72 | growth rate (EC50 = 12.97 % 0.57 pg/mL) 2?%"8‘;“7:‘
Algae | cellular energy reserves; | pigment composition; re- | Gonzalez-
Chaetoceros neogracile 0.05 and 5 96 adjustment of galactolipids & triacylglycerol; Fernandez et
thylakoid membrane structures al., 2020
e . S 1 mortality; NSW — EC50 = 6.62 + 0.87 pg/mL; RSW| Manfra et
Rotifers Brachionus plicatilis 0.5-50 24 and 48 — ECS0 =2.75 £0.67 ug/mL al, 2017
1-50 6,24,48 T malformations in larvae; 24 hpf — EC50 = 3.82 Della Torre
. hpf pg/mL; 48 hpf — EC50 =2.61 pg/mL ctal., 2014

Paracentrotus lividus

. 3 and 4 24 and 48 L skeletal elongation (3 pg/mL); T malformations of | Pinsino et
Echinoderms

50 skeletal rods and arms al., 2017
in vitro assay; | phagocytic capacity; | gene Beroami et
Sterechinus neumayeri land 5 6 and 24 modulation; 1 cellular debris at 5 ug/mL (24h); 1 al g2019

inflammatory response; 1 apoptosis

Bergami et

Artemia franciscana 0.5-10 24 and 48 1 expression of clap and cstb ; T n° of molts (48h) al. 2017b
- upto instar III . . . Bergami et
Crustacea . 5-100 72 and 14* | Accumulated and retained in gut lumen; most toxic
nauplius al., 2016
Euphausia superba 25 48 no mortality; 1 exu'vnae-produ?u_on (12.6 £1.31); Bergami et
| swimming activity al., 2020
C 1 i cell size; 1 spermatozoa complexity; | n° Gonzilez-
’“(S‘” oo g 100 0.1-100 ltos T cellsize: T spe Honon compleny: Ferndndez et
‘gametes) spermatozo al., 2018
. Iformations D-larvae; 1 delay in development .
Molluscs 1 mal .
ofuses p Mytilus s 0.0001 - 20 48 |(2.5-10 pg/mL); | 20 - 30% shell length (48h); EC50 Bal;(‘nc;‘"’l’
galloprovincialis 50 —0.142 ug/mL
- haemocytes 150 30%* | lysosomal membrane stability; T ROS; T cellular | Canesi et al.,
damage 2016

*days ** mins
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1.2.2.5. Crustacea

Benthic and planktonic marine crustaceans are useful in ecotoxicological assays, as
small crustaceans are a crucial link within the food web, as they play an important role as
primary and sometimes also as secondary consumers (Luigi et al., 2012). They connect the
energetic fluxes between primary producers (e.g., algae) and consumers found at higher levels
(e.g., fish) and, therefore, are placed at a key level within the food web (Luigi et al., 2012).
Thus, the effects of NPs are present in Table 1.2.1. — 1.2.4. are important to assess possible
trophic transfer. In the brine shrimp Artemia franciscana exposed to PS-COOH (40 nm) and
PS-NH:2 (50 nm) particles (0.5 — 10 pg/mL; 24 — 48 h), exposure to PS-NH2 (1 pug/mL) leads
to an increase in the expression of cathepsin L-associated protein (c/ap) and cathepsin B (cstb),
two genes connected to growth. This increased after 48 hours and was related to an increase in
the number of moults (Bergami et al., 2017). On the other hand, organisms exposed to PS-
COOH had no effects; however, they did accumulate NPs (Bergami et al., 2017). In A.
franciscana (up to instar III nauplis) exposed to the same NPs (5 — 100 pg/mL), a growth
inhibition test (72 h) and a long-term sublethal test (14 d) showed NPs were accumulated and
retained inside the gut lumen (Bergami et al., 2017). PS-NH2 particles were more toxic than
PS-COOH (Bergami et al., 2016). PS nanoparticles (100 nm; 0.001 — 10 pg/mL) exposed to
the first instar larvae of A. framciscana and II stages of nauplii of the acorn barnacle
Amphibalanus amphitrite ingested and accumulated NPs in the gut after 24 and 48 h of
exposure. PS particles affected organisms’ swimming speed, wherein A. amphitrite exposed to
higher concentrations showed mobility inhibition after 48 h. On the other hand, A. franciscana
swimming speed was inhibited at 24 h and increased inhibition at higher concentrations
(Gambardella et al., 2017). The acorn barnacle A. Amphitrite, after a chronic exposure test to
PMMA (45 nm; 5-25ppm; 24 h), bioaccumulation of NPs occurred in barnacles and persisted
in the body throughout the stages of growth and development (nauplius to juvenile barnacle)
posing a potential long-term effect of NPs on invertebrate communities (Bhargava et al., 2018).
The eftects of PS (50 nm) in a marine copepod, Tigriopus japonicus, exposed to NPs caused a
significant decrease in fecundity, malformations of embryo development, and high mortality
of larvae, wherein the highest concentrations of PS nanoplastics lead to parent’s death (Lee et
al., 2013). More recently, the effects of NPs on Antarctic krill juveniles, Euphausia superba,
were assessed (Bergami et al., 2020). Exposure to PS-COOH (48 h; 2.5 pg/L; 62 nm) had no
adverse effects, in contrast, PS-NH2 (48 h; 2.5 png/L; 50 nm) reduced swimming activity of krill
and increased moulting (Bergami et al., 2020). Antarctic krill is a keystone species and plays a

central role in the Antarctic food chains and carbon cycle, increasingly impacting the future
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effect of NPs on Antarctic pelagic ecosystems and the biogeochemical cycle (Bergami et al.,
2020).

In summary, crustaceans ingest and accumulate NPs, where at high concentrations,
mobility is affected, as is growth and development, in all NPs assessed. A clear distinction
between PS-COOH and PS-NHa toxicity is also noticeable, wherein PS-NH2 has more severe
effects on crustaceans, as shown in bacteria, algae, rotifers and echinoderms. Further
investigation is necessary to understand the effects other types of NPs pursue on crustaceans,
such as copepods, brine shrimps, barnacles, and amphipods. Furthermore, within crustaceans,
copepods are extremely valuable in ecotoxicological evaluations, whereby the use of a
combination of whole-animal bioassays and gene expression studies indicates that copepods,
such as Tigriopus spp., may serve as excellent tools to evaluate the impacts of marine pollution

throughout coastal regions (Raisuddin et al., 2007).

Table 1.2.4. The effects of poly(methyl methacrylate) nanoparticles (PMMA; <100 nm) on marine biota
according to size, concentration and exposure period. Abbreviations stand for: 1 - increased; | -
decreased; | - inhibited; XI - affected; T - induced; ROS - Reactive oxygen species; LC/ECx — Lethal
or sublethal concentration causing x% of effect; ODsgoo — optical density at 600 nm.

Particle size | Concentration | Exposure
Phylum Test species Particle type . P Effects Reference
(nm) (pg/mL) time (h)
) N | growth rates (>150 pg/mL); EC50 = 132.5 pg/mL;
Tetras <
etraselmis chuii EC20 = 117.4 pg/mL
Nan;ssgionr:pszs 0-304.1 | growth rates ( >150 pg/mL) Vendncio ot
PMMA 40 96 al., 2019
Isochrysis galbana | growth rates (>213.6 pg/mL)
Thalassiosira 0-293.0 L growth rates ( > 18.8 pg/mL); EC50 = 83.4 pg/mL;
weissflogii ) EC20 =48.9 pg/mL
Algae
| cell viability, 1 cell size & complexity; t ROS; 1
PMMA LPO; | DNA content; | photosynthetic capacity;
hyperpolarization of mitocondrial membrane;
Rhodomonas baltica 50 0.5-100 72 membrane integrity loss; overproduction of pigments Gor;;szzt al,
PMMA-COOH | growth; | cell cycle; | cell viability; | metabolic
activity; | photosynthetic capacity
. o Lo survival (48 h; L-type > S-type); L-type — EC50 = [ Venancio et
Rotifers Brachionus plicatilis 40 4.7-175.0 96 13.3 pg/mL: S-type — EC50 = 37.6 pg/mL al, 2019
o Amphibalanus L . Bergami et
Crustacea amphitrite 25 24 1 bioaccumulation al., 2017b
1 antioxidant defences; T alterations in lipid
PMMA metabolism pathways; 7 genotoxicity in blood cells; 1 | Brandts et
h R 45 - 4
Spaurus aurata 0-10 24 and 96 cholesterol and triglycerides in plasma; 1 Erythrocytic | al., 2021
Fish nuclear abnormalities
is|
0-20 96 1 abundance of mRNA transcript; | fish immune Brandts et
Sy st al., 201
Dicentrarchus labrax - Sysem - Lo _0 8
100 0.001 - 10 24 | immune system; 1 abundance of mRNA transcript; | Almeida et
) molecular signalling & pathways al., 2019
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1.2.2.6. Molluscs: Bivalvia

As sessile filter-feeding organisms, bivalves can accumulate many NPs in the
surrounding environment, empowering measurements of stress levels in their tissues. Their
wide geographical distribution and presence at different latitudes are some of the characteristics
that make bivalves excellent sentinel organisms for ecotoxicological evaluations. However, the
effects of NP exposure to bivalves are still scarce (see Tables 1.2.1. — 1.2.4). In the blue mussel
Mytilus edulis, PS nanoparticles (30 nm; 100 — 300 pg/mL) induced the production of
pseudofaeces, increasing with the increase in NP concentration, wherein results suggested that
PS particles were recognised as non or low-nutritional food (Wegner et al., 2012). In the
Mediterranean mussel, Mytilus galloprovincialis, haemocytes exposed to PS-NH2 (50 nm; 1 —
50 mg/L), after 30 mins, PS-NH:2 causes a decrease in lysosomal membrane stability and an
increment in oxyradical generation, leading to rapid cellular harm such as membrane blebbing
and misfortune of filopodia (Canesi et al., 2015). Additionally, the generation of the protein
corona in haemolymph serum was observed with the existence of PS-NH2 (Canesi et al., 2015).
In early embryo development of the mussel M. galloprovincialis, after exposure to PS-NH2 (50
nm; 0.001 — 20 mg/L), malformations of D-veligers were observed at concentrations more than
or equal to 2.5 mg/L (Balbi et al., 2017). A dose-dependent delay concerning the development
of larvae was also observed, with an increase in embryos encountered at the pre-veliger stage
and a stable proportion found still at the trochophore stage (ECso = 0.142 mg/L). The highest
concentration (20 mg/L) of PS-NH2 led to complete inhibition of D-shaped veliger, whereby
90% of larvae remained at the trochophore stage (Balbi et al., 2017). In gametes of the oyster
Crassostrea gigas, exposed to PS-COOH and PS-NH2 (100 nm; 0.1 — 100 mg/L), NPs caused
an increase in relative cell size as well as the complexity of spermatozoa (Gonzalez-Fernandez
et al., 2018). Moreover, a dose-response increase in reactive oxygen species production was
observed in organisms exposed to PS-COOH but not to PS-NHz. Oocytes were found to be less
related to different cell membranes (Gonzalez-Fernandez et al., 2018). In gametes and embryo-
larval development of C. gigas exposed to PS beads, PS-COOH and PS-NH2 (50 nm; 0.1 — 25
pg/mL), all NPs significantly impaired the fertilisation yield in a dose-response manner at
concentrations between 1 and 25 pg/mL, wherein PS-NH:> exhibited the strongest toxicity,
inducing a significant reduction in fertilisation yield associated at an ECso of 4.9 £ 0.9 pg/mL
(Tallec et al., 2018). D-larval yield also decreased significantly after exposure to all NPs at 10
and 25 pg/mL, wherein the highest toxicity observed was also by PS-NHa, presenting a
decrease of 6.4% in D-larval yield at the lowest concentration (0.1 pg/mL). Embryo-larval

development success was completely inhibited (100% reduction) at an ECso of 0.15 + 0.4
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pg/mL (Tallec et al., 2018). Tallec et al. (2018) highlight that NP exposures may have
detrimental effects on planktonic stages of bivalves, seemingly interacting with biological
membranes, leading to cytotoxicity and genotoxicity, potentially impairing reproductive
success. Undoubtedly, NP toxicity in bivalves is extremely concerning, as data have shown that
NPs are recognised as a low-nutritional food and are taken up by these filter feeders. In
addition, after exposure to NPs, the integrity of their immune response is compromised by
decreasing the stability of the lysosomal membrane in addition, bivalve gametes are also
vulnerable to NP toxicity, as is embryo-larval development, thereby jeopardising future
populations and disrupting the surrounding environment. Therefore, it is important to assess if

other types of NPs induce the same type of effects.

in exposure assays
1

Nanoplastic polymers assessed

KEY:

— Toxicity Effects of NPs

Reactive oxygen species / Oxidative stress

‘ Decreased growth rate

4 Increased growth rate
Q Hinder Algal Photosynthesis
& Malformations of larvae/gametes

X< Decrease in Cell Viability

Bioaccumulation of nanoplastics
#¢ Mortality

Figure 1.2.4. Illustration of different NP polymer’s effects on marine biota.

1.2.2.7. Fish

Very few studies on the effects of NPs on marine fish have been encountered (see Tables 1.2.1.
and 1.2.4.). Most of the data available are focused on the effects on freshwater fish (Mattsson
etal., 2015, 2017; Chen et al., 2017; Skjolding et al., 2017; Chae et al., 2018; Pitt et al., 2018;
Lee et al., 2019). Recently, marine continuous fish cell lines have been developed to aid in the
study of molecular and physiological responses to stressors (Langner et al., 2011; Villalba et

al., 2017). Fish cell lines have become a crucial tool for understanding the effects of emerging
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contaminants (e.g., NPs) at a molecular level (Morcillo et al., 2017; Pannetier et al., 2018) as
well as avoiding the use of animals in experiments as recommended by the European Union
(Directive 2010/63 EU).

In two fish cell lines of the seabream Sparus aurata and the seabass Dicentrarchus
labrax, SAF — 1 and DLB — 1, respectively, exposed to PS NPs (100 nm; 0.001 — 10 mg/L) for
24 h, in SAF — 1, though not significant, there was a slight decrease (25%), in cell viability at
lowest concentrations (Table 1.2.1.). However, at higher concentrations, mild effects were
present on this cell line (Almeida et al., 2019). In DLB — 1, a decrease in cell viability was
observed, whereby at 0.001 mg/L, cell viability was 66%, showing oscillation at higher
concentrations within the minimum viability of 64% at 1 mg/L (Almeida et al., 2019).

More recently, short-term exposure of PMMA to the seabream S. aurata (45 nm; 0 — 10
ug/mL; 24 and 96 h) resulted in upregulation of the mRNA levels of essential lipid metabolism-
related genes, showing a global increase in plasma cholesterol and triglycerides (Brandts et al.,
2021). Antioxidant enzymatic response increased throughout the exposure period,
exceptionally with a decrease in total antioxidant capacity after 96 h. PMMA nanoparticles
activated antioxidant defences, induced alterations in lipid metabolism pathways and
genotoxicity in S. aurata blood cells (Brandts et al., 2021). Similarly, in the seabass D. labrax
after exposure to the same NP and size (PMMA; 45 nm; 0 — 20 mg/L; 96 h) also led to an
increase in abundance of mRNA transcript as well as the impairment of the fish’s immune
system (Brandts et al., 2018). In D. labrax, NPs change molecular signalling pathways and
potentially interfere with lipid metabolism, as seen in S. aurata (Brandts et al., 2018, 2021)
(Table 1.2.4). Consequently, regarding all data available on fish exposed to NPs, mRNA
transcript is highly affected, increasing the possibility of mutations, as well as cellular
malfunctions.

NPs can disrupt fish immune systems, induce oxidative stress, compromise lipid
metabolism, and decrease cell viability. However, more studies need to be conducted with other
types of NPs to understand how their toxicity affects fish entirely. It is also imperative to
evaluate different species and understand how different NP polymers can affect the quality of

aquaculture quality and their effects on fisheries and, consequently, human beings.

Considering all the above, a summary of nanoplastics’ effects on marine biota to date
is illustrated in Figure 1.2.4. As can be seen, the information about the effects on marine
organisms is still very limited and NPs, along with their nano-specific properties, are of major

concern as they fundamentally differ from those of the same polymer type in bulk form and are
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size-dependent (Klaine et al., 2012). Moreover, it is crucial to develop methods that accurately
measure NP concentrations in the different components of the marine environment and biota.
In addition, the concentrations used need to be environmentally relevant so that data can be

harmonised, thus making it possible to compare the effects of NPs in marine biota.

1.3. Nanotechnology: Silver nanoparticles

Silver nanoparticles (nAg) are primarily employed in the textile, antimicrobial coating,
personal care, and photonics industries due to the development of nanotechnology and the
increasing use of engineered nanomaterials in nano-functionalized consumer goods (Lee &
Jun, 2019; Maillard & Hartemann, 2013; Pereira et al., 2020). Because of its antimicrobial,
antibacterial, antifungal, antiviral, anti-inflammatory, and anticancer properties, the production
of nAg products has increased dramatically over the years (Khan et al., 2018). The global nAg
market is expected to reach a value of over USD 4.53 billion by 2030, with a revenue of over
USD 2.68 billion in 2023 (Grandview Research, 2024). Its applications in implant technology,
biomarkers, tissue engineering, biosensors, nanomedicine and nanorobots, and image
enhancement devices have also increased demand from the pharmaceutical industry
(Grandview Research, 2024). Since wastewater treatment facilities (WTTP) are ineffective at
removing or treating nAg, it is predicted that nAg levels in the environment will be between
0.03 and 0.08 mg/L (Fernandes et al., 2017). In the WWTP, for example, nAg will mostly
partition to the sludge (Bolafnos-Benitez et al., 2020). Ag may reach the marine environment
by leaching and surface runoff, and sludge may be dumped in landfills or used as fertiliser for
crops (Blaser et al., 2008). The harmful effects of nAg on marine life have been extensively
studied (Auguste et al., 2018; Gomes et al., 2013; Lorusso et al., 2022; McCarthy et al., 2013;
Rezvani et al., 2019), and its mode of action (MoA) harms cell membranes directly; nAg can
release Ag+ ions, and both Ag+ and nAg produce reactive oxygen species (ROS) (Ghobashy
et al., 2021). The microbial community in soils are also affected by the presence of nAg (Kusi
et al., 2020; Oca-Vasquez et al., 2020; Tortella et al., 2020), though in the presence of PS-NPs,
for instance, can ease the inhibition of denitrification induced by nAg (Jiao et al., 2022). The
effects of nAg in marine organisms in the presence of other emerging contaminants remain

scarce, and its properties may be enhanced or diminished, making an evaluation critical.
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1.4. Cytotoxic drugs: 5-Fluorouracil

Chemotherapeutic agents like 5-fluorouracil (5-FU) are commonly used in the
treatment of cancer, particularly colorectal cancer and other solid tumours. As it is classified as
an emerging contaminant, its presence in European waters has sparked concern. 5-FU’s mode
of action, misincorporating its fluoronucleotides into RNA and DNA, is deemed toxic to
aquatic organisms like algae, invertebrates and fish. Concerns regarding bioaccumulation of 5-
FU in aquatic organisms are the potential impacts of biomagnification within the ecosystem
and, consequently, on human health through seafood and fish consumption. Most studies have
focused on the effects of 5-FU on freshwater species, with the effects on marine species
remaining scarce. This review aims to gather all the available information on the

ecotoxicological effects of 5-FU in freshwater and marine species.

1.4.1. 5-Fluorouracil and its medical use.

Unfortunately, the diagnosis of cancer in patients has increased over the years and continues
to do so. As a chemotherapeutical treatment, cytostatic drugs are commonly used as they
effectively destroy cancerous cells, but the downside is that they do not distinguish between
cancerous and healthy ones. Fluorouracil, sometimes referred to as 5-fluorouracil or 5-FU, is a
member of the chemotherapeutic medication class used to treat a variety of neoplasms. 5-FU
is used in the treatment of gastric, pancreatic, breast, and colorectal adenocarcinomas, and
topical 5-FU (usually at 5%) for dermatological diseases such as numerous actinic or solar
keratoses and superficial basal cell carcinomas (Mahnik et al., 2007; Casale & Patel, 2024). In
Europe, it is highly recommended that before patients are treated with 5-FU, they should be
evaluated for any deficiency or lack of the dihydropyrimidine dehydrogenase enzyme (DPD),
as the lack of this enzyme, if treated with 5-FU will increase the risk of severe and life-
threatening side effects (EMA/367286/2020). The International Agency for Research on
Cancer (IARC) classifies 5-FU under class 3, meaning its carcinogenicity is not classifiable
towards humans (IARC monographs, 1987). As a pyrimidine analogue of uracil with a fluorine
atom replacing hydrogen in the C-5 position, it can misincorporate itself into RNA and DNA,
causing a release of cytochrome ¢ from the mitochondria and promoting the generation of
reactive oxygen species (ROS) (Vermorken et al., 2007; Matuo et al., 2009; Cairns et al., 2011).
Through the uracil transportation system, three metabolites are formed as 5-FU enters the cell
by active transportation: fluorodeoxyuridine monophosphate (FAUMP), fluorodeoxyuridine
triphosphate (FAUTP) and fluorouridine triphosphate (FUTP) (Fig. 1.4.1).
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Figure 1.4.1. 5-Fluouracil and its metabolites.

FAUMP suppresses the function of thymidylate synthase and inhibits the production of
deoxythymidine monophosphate (dTMP). dTMP is essential for DNA replication and repair,
and the depletion of dTMP leads to an imbalance in intracellular nucleotides, which generates
double-stranded DNA breaks assisted by the enzyme endonuclease (Zhang et al., 2008). FAUTP
directly induces DNA damage. FUTP combines itself into RNA rather than uridine triphosphate
(UTP), causing RNA damage (Ghafouri-Fard et al., 2021) (Fig. 1.4.2).
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Figure 1.4.2. 5-Fluorouracil mode of action within the cell (adapted from Gongalves et al., 2022

[Chapter 4])

In Europe, 5-FU is administered intravenously (Fig. 1.4.3.A) and used in creams for
cutaneous use in different countries (Fig. 1.4.3.B) to treat a variety of neoplasms mentioned
previously, where France (8%), Germany (10%), Portugal (7%) and the United Kingdom (8%)
have the highest percentage of administration (Fig. 4) (Infarmed, 2023). The most common
dosage used in these representative countries is 50 mg/mL of 5-FU intravenously (Fig. 1.4.4.),

although high dosages are also administered.
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5-Flourouracil administered intravenously in Europe
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Figure 1.4.3. Percentage of 5-Fluorouracil administrated intravenously (A) and for cutaneous use (B)

in Europe (Infarmed, 2023).

-23 -



A France B France

= 250mg/5mL «1g/20mL =250/ 50 mL 500 mg/ 10 mL
= Intravenously = Cutaneous use 5g/100 mL 10g/200 mL = 5g/100g
Germany D Germany

= 50 mg/mL = 250mg/5mL = 5mg/g 50mg/g 0.5g/100g
= Intravenously = Cutaneous use

E Portugal F

=

Portugal

14%

= 50 mg/mL =1g/20mL =259/ 50 mL 500 mg/ 10 mL
= Intravenously = Cutaneous use 5g/100 mL =5mg/g 5mg/mL
G United Kingdom H

United Kingdom

8%

23%

4

=50mg/mL =250mg/5mL =1¢/20mL =5g/100 mL - 25mg/mL =5 mg/g = 5% w/\W
= Intravenously = Cutaneous use

Figure 1.4.4. Percentage of types of 5-Fluorouracil administration (A, C, E, G) and dosages (B, D, F,
H) authorised in the four most representative countries in Europe (Infarmed, 2023)

1.4.2. Levels of 5-FU in the aquatic environment

When administrated to patients, pharmaceuticals do not fully metabolise and end up

exiting the body through urine, entering hospital and urban wastewater effluents and
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undergoing treatment for the breakdown or removal of this pharmaceutical before being
released into the freshwater or marine ecosystems (Fig. 1.4.5.). The wastewater treatment
plants are not available in some parts of the world and the ones available do not yet have the
correct technology to remove residual pharmaceuticals such as 5-FU, which is highly persistent
in wastewater, as its use as a chemotherapeutical agent continues to increase, entering the
aquatic ecosystem. For instance, 6.7 pg/L of 5-FU has been reported in hospital effluents in
France (Castastini et al., 2007) and 123.5 pg/L in Austrian wastewater effluents, 4.7 to 14.0
ng/L in municipal wastewaters in Slovenia (Kosjek et al., 2013), and 0.01 — 41 ng/L of
predicted environmental concentrations in surface waters (Misik et al., 2019). Moreover, in
European waters, the levels of 5-FU have been estimated to range between 0.3 ng/L to 2.5 ng/L
(Heath & Isidori, 2020), whilst, in other regions of the world, 5-FU has been estimated to be
detected between 6.2 ng/L. (Taipei region) and 160 ng/L (Gaoping river) (Lin et al., 2014).
Many other factors come into play when considering the effects of 5-FU in the marine
environment, as aquatic conditions change and can affect the behaviour of 5-FU. The reactions
of 5-FU with Oz and eOH in seawater can alter the molecule and, in turn, change its toxic
properties towards marine biota. A theoretical study of the degradation effects of 5-FU by O3
and eOH showed that some transformation products (Fig. 6) containing nitrous groups and a
carbonyl urea structure would still have toxic effects on marine organisms. Some products’
developmental toxicity and mutagenicity remain active, prejudging human health (Li et al.,
2020). Additionally, cytostatic drugs such as 5-FU are known to have cytotoxic, genotoxic,
mutagenic, and carcinogenic effects on non-target organisms (Kiimmerer & Henninger, 2003),
incrementing the importance of understanding how 5-FU’s presence can affect aquatic biota.
This review aims to gather all information available on the effects of 5-FU on freshwater and

marine species.
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Figure 1.4.5. How cytostatic drugs end up in the aquatic environment.

1.4.3. 5-FU effects on freshwater species

Freshwater habitats, such as rivers, lakes, marshes, and streams, are essential to sustain life
and preserve ecological balance. With runofts, improper disposals, and primarily wastewater
effluent, freshwater ecosystems are the first to encounter any residual 5-FU. Thus, the toxic
effects of 5-FU on freshwater species are concerning. A summary of the impact of 5-FU on
freshwater species can be found in 7able 1.4.1. In the oligochaeta Limnodrilus udekemianus,
an exposure to 5-FU (0.004 — 40 uM) led to a loss of 70% cellular viability and a significant
increase of DNA damage after 96h (Kracun-Kolarevi¢ et al., 2015). The integration of 5-FU in
DNA and RNA was observed after 72h of exposure (5.87 — 187.7 mg/L) in the algae
Scenedesmus vacuolatus, compromising growth and accumulating within the organism (Asad
et al., 2012). Another alga, Raphiodocelis subcapitata, was exposed to a minor concentration
of 5-FU, 0.005-0.492 mg/L, for 72h and submitted to ecotoxicity assays insufficient to
calculate ECso for yield and growth inhibition. In the green hydra (Hydra viridissima), ECso
obtained for mortality and feeding after 96h of exposure to a concentration range of 0.0504 -
3.226 mg/mL was 0.0554 and 0.0679 mg/mL, respectively (Venancio et al., 2023). Meanwhile,
the exposure of zebrafish, Danio rerio to 0.806-8.452 mg/mL of 5-FU for 96h led to hatching
abnormalities with LCso and ECso, equalling 4.546, 4.1 and 2.459 mg/mL, respectively
(Venancio et al., 2023). In freshwater mussels, a decrease in lipid peroxidation in both the
digestive gland and gonads was observed in Elliptio complanata after 96 h of exposure to 5-
FU (0, 4, 20 and 100 pg/L), along with a decrease in DNA strand break repair activity, being
the two relatable (Kleinert et al., 2021). Toxicity testing carried out in several organisms at the

bottom of the food chain has also been reported. 5-FU was found to be highly toxic to
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Microbacterium sp., Pseudomonas fluorescens, Kurhtia gibsonii and Enterococcus
casseliflavus after 16 and 18 hours with ECso of 37.3, 8.3, 3.6 and 11.8 pg/L, respectively
(Zateska-Radziwilt et al., 2014). In the water flea, Daphnia magna, immobilisation (48 h) and
reproduction (21 days) were targets for toxicity testing of 5-FU. ECso for immobilisation of D.
magna was found to be 36 mg/L and 20.84 mg/L in two different studies (Zatgska-Radziwilt et
al., 2014; Parella et al., 2014). Toxicity testing for the effect of 5-FU on the reproduction of D.
magna showed ECso to be equal to 0.03 mg/L (Parella et al., 2014). In other arthropods, 5-FU
caused an ECso 0f 0.003 mg/L in the reproduction of Ceriodaphnia dubia after 7 days, and an
ECso of 0.32 mg/L was obtained for the inhibition of population growth of Brachionus
calyciflorus after 48 h (Parella et al., 2014). Furthermore, toxicity testing of 5-FU was carried
out in fish embryos and adults. For D. rerio, 5-FU led to an ECso of 2610 mg/L for embryo
mortality and > 100 mg/L in adult mortality (Kovacs et al., 2016). In the species Xenopus
laevis, ECso was reported as 80 mg/L for embryo malformation and 400 mg/L in Pimephales
promelas (De Young et al., 1996). According to published results, 5-FU is deemed more toxic
to embryos in fish species than adults. Considering the environmental predicted concentrations,
these ECso’s are higher than the ng/L range for European waters. However, Zaleska-Radziwitt
and colleagues (2014), as well as Parella and colleagues (2014), do calculate ECso within the
range of 5-FU found in wastewater and hospital effluents. A more thorough evaluation with a
lower set starting concentration of 5-FU to understand its toxicity within the ng/L range should
be carried out so a more concise comparison with environmentally detected concentrations can

be made.
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Table 1.4.1. Effect of 5-FU on freshwater species

Phylum Test species Concentration Exp‘usure Effects Reference
(mg/mL) time
Microbacterium . . .
I 18h Toxicity testing: ECso = 37.3 ng/L; reported as extremely toxic
Pseudomonas Toxicity testing in relation to growth: ECs, = 8.3 ng/L; reported as extremely
CCons 16h . Zaleska-
i fluorescens toxic 5o
Bacteria Radziwilt er
. A . al., 2014
o N Toxicity testing in relation to growth: ECs = 3.6 pg/L; reported as extremely
Kurhtia gibsonii )
toxic
18h
Enterococcus Toxicity testing in relation to growth: ECsy = 11.8 ug/L; reported as extremely
casseliflavus toxic
0.000520312 ;
0.00520312; - . . . Kracun-
. Limnodrilus Comet assay: cell viability < 70% for highest 3 concentrations and induce an N -
Annelida dekemi 0.0520312; 96 h increase of DNA damage Kolarevi¢ et
udekemiantis 0 520312 and 9 al, 2015
5.203120
Scenedesmus 0.00587 - Integrates into DNA and RNA. Acute toxicity and compromises growth. Asad et al.,
vacuolatus 0.1877 Accumulates within organism with a bioaccumulation factor of 1.84 x 10* 2012
Biatk-
Algae ) . 72h Toxicity testing: ECso = 0.07 mg/L Bielinska et
Raphiodocelis
X al,, 2017
subcapitata = 0x10°- Venancio of
. Toxicity testing: ECs, not computable
0.000492 1y testing: ECsa P al., 2023
Biatk-
Magnoliophyta | Lemna minor 7 days Toxicity testing: ECso = 2.45 mg/L Bielinska et
al., 2017
Cnidaria Mydra ) 0504 -3.206 | 96h ECso mortality and feeding were 0,054 and 0.0679 mg/mL venancio er
viridissima . ’ 50 ty 9 : : 9 al., 2023
Immobilisation toxicity testing: ECso = 36 mg/L Zounkovd
etal , 2007
Daphni 48h
aphmia magna Immobilisation toxicity testing: ECso = 20.84 mg/L
Anthropoda 21 days Reproduction (neonates number) toxicity testing: ECs, = 0.03 mg/L parella et
el
i hnic - .
Cm;j:f; i 7 days Reproduction (neonates number) toxicity testing: ECs, = 0.003 mg/L al., 2014
f:l‘;/;l(:rl:; 48h Population growth inhibition toxicity testing: ECs, = 0.32 mg/L
Ellptio 0,4.0 X_510 s 96 h (at ITPO 1 in digestive gland and gonads ; | DNA stran_d breaks (repa_ur ac_tlvny) in Kleinert et
Mollusca 2.0x 10 and digestive gland and gonads ; DNA damage related with LPO for digestive gland
complanata 15°C) al., 2021
0.0001 and gonads
LCs and ECs for hatching and abnormalities were 4.546, 4.1 and 2.459 mg/mL, | Venancio et
0.806 - 8.452 .
. . respectively. al., 2023
Danio rerio 96h " — >
Embryo mortality toxicity testing: ECs = 2610 mg/L Kovacs et
Fish Adult mortality toxicity testing: ECs, = >100 mg/L al., 2016
Xe laevis Emb If tion toxicity testing: ECs = 80 mg/L
ePn.apush alevm 2o mbryo malformation ity g 50 [o] DeYoung et
Hmephaes Embryo malformation toxicity testing: ECs, = 400 mg/L al., 1996
promelas

1.4.4. 5-FU effects on marine species

So far, the effects of 5-FU have yet to be widely evaluated in the marine environment and
require more attention. A summary of the effects known to date can be found in 7able 1.4.2.
The toxicity assessment based on the EU Directive 93/67/EEC showed that 5-FU is harmful
and highly toxic to the growth and bioluminescence of the marine bacterium Aliivibrio fischeri
(Zaleska-Radziwilt et al., 2014). It is of uttermost importance to gather more information on

the effects of 5-FU on marine organisms.
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Table 1.4.2. Effect of 5-FU on marine species

Phylum Test species Concentration (mg/mL) Exposure time Effects Reference

For growth: EC5, = 10421.8 pg/L and NOEC = 6100 pg/L considered as harmful by the toxicity

assessment EU Directive 93/67/EEC. Zateska-Radziwitt etal.,

Bacteria Aliivibrio fischeri 24h 2014
For bioluminescence: ECs,=16.0 ug/Land NOEC = 1.5 pg/L considered as extremely toxic by
the toxicity assessment EU Directive 93/67/EEC.
1 DNAdamage in mussel haemolymph. Antioxidant enzymes counteracted ROS generation
d no LPO ob: dingills, and a slight * in LPO in the digest land. 5FU toxi
and no LPO observedingills, and a slight +in LPO in the \gés ive glan: more toxic Gongalves etal, 2022
towards both tissues in a mixture of contaminants (mixed with polystyrene nanoplastics
s (50nm) and silver nanoparticles (20nm) as there are synergistic interactions observed.
Mollusca Mytilus galloprovincialis 1.0 x10° 21days

In mussel gonads, all antioxidant enzymes * after 3 days of exposure, followed by at 14 and
21days. 5FU more toxic in a mixture of contaminants (mixed with polystyrene nanoplastics
(50nm) and silver nanoparticles (20nm), leadingto a 57-fold 1 in LPO, with synergistic
interactions.

Gongalves etal., 2023

1.4.5. 5-FU and other contaminants

A primary concern within the scientific community is how these cytostatic drugs behave in
the presence of other contaminants in the environment. Other emerging contaminants, such as
nanoparticles, and in particular interest the plastic pollution problem, whether looking at
microplastic or nanoplastics, a concern of how it can potentiate the toxic effects of cytostatic
drugs, as well as other pharmaceuticals when they interact with these particles is crucial to
understand their impact. As there is a need for more information concerning these mixtures,
this thesis intends to evaluate the effect of the mixture of 5-FU with other emerging

contaminants, particularly nanoplastics.

1.5. Mptilus galloprovincialis: a key species in ecotoxicology

Bivalves are sessile filter-feeding organisms with a wide geographical distribution at different
latitudes and are found in high densities and stable populations, facilitating sampling and
maintenance under laboratory conditions. Because of their early responsiveness to
environmental stressors and filtering behaviour, bivalve molluscs are frequently considered
ideal model species for marine-coastal monitoring programs (Dellali et al., 2021), such as the
“Mussel Watch Program”. As sessile filter-feeding organisms, mussels can accumulate
contaminants present in their environment, and any shift in populational dynamics can be a
sign of the hazard of the presence of these contaminants, making them excellent sentinel
organisms for ecotoxicological studies.

The marine mussel Mytilus galloprovincialis (Lamark, 1819) (Figure 1.5.1.), commonly
known as the “Mediterranean mussel”, vastly populates the Portuguese coast and has a high
market value in the Mediterranean diet. Economically valuable and used in aquaculture
(Provenza et al., 2022), the mussel M. galloprovincialis was primarily cultivated in the coastal

waters of Galicia (NW Spain) (FAO, 2024). Between 2020 and 2021, the annual aquaculture
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production average for M. galloprovincialis was 86 117 tonnes (FAO, 2023). The seasonal
variations in temperature, food availability, and gametogenic cycle affect mussels condition
index and fatty acid profile (Araugjo et al., 2024). There is a noticeable decline in the winter and
a recovery in the spring, where the condition index declines following the early spring

spawning cycle and rises later in the summer (Araujo et al., 2024).

Figure 1.5.1. Mytilus galloprovincialis, Lamark 1819.

1.6. Gametogenesis and the reproductive cycle of M. galloprovincialis

The spawning cycle for M. galloprovincialis commences in early spring, and a second
cycle occurs later in the summer. The life cycle of M. galloprovincialis is represented in
Figure 1.6.1. During the gametogenic cycle, the mussel’s reproductive organ undergoes
several steps for gonad development and gamete release into the water column.
Gametogenesis starts in the first period, which produces mature gametes in one or more
cycles and ends with their expulsion each time. As the energy reserves required to initiate a
new gametogenesis build-up, the second phase is known as sexual repose (Bhaby et al.,
2014). During these stages, a vast amount of energy is required, and contaminants can disrupt
energy storage to counteract toxic effects. In this case, the gametogenic cycle and
reproductive success can be compromised and jeopardise future populations, causing an

unsettling imbalance in the whole ecosystem. An important focus on how contaminants affect
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the reproductive organs of M. galloprovincialis is imperative to comprehend the effects that

can be brought upon future generations.

Y

Juvenile/Adult
Pediveliger :

Fertilization
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D-veliger Larvae \ Embryo

Trochophore Larvae

Figure 1.6.1. The life cycle of the Mediterranean mussel, M. galloprovincialis. (Image made with
Biorender).

1.7. Objectives and outline

The scientific community is increasingly evaluating CECs, and it is critical to establish their
harmfulness and ecotoxicological effects alone and in mixtures. Once in the Ocean, CECs are
omnipresent, and therefore, the aim of this thesis relies on understanding their toxic effects
alone and in secondary and tertiary mixtures.

Moreover, reproductive success is crucial for the generation of viable future populations, and
the Mediterranean mussel is the perfect sentinel organism to help understand variations that
the presence of CECs can cause.

In this thesis, an evaluation of ecotoxicological effects of polystyrene nanoplastics (50 nm),
5-Fluorouracil and silver nanoparticles (20 nm) was carried out using a multi-biomarker
approach to assess the effects of the mixture of these CECs in the gills, the digestive gland, and
the gonads with and without sex differentiation, as well as an evaluation of the effects in
spermatozoa and oocytes of M. galloprovincialis. For that purpose, characterisation of
nanoparticles, toxicity assays, cell viability, neurotoxicity, DNA damage, oxidative stress,
oxidative damage, ingestion, proteomic analysis, synergistic and antagonistic evaluation of the
mixtures, and a weight of evidence model has been accomplished to evaluate the effects of

these CECs.
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Chapter 1 addresses the question of what contaminants of emerging concern are and details
of the three contaminants that will be focused on in this thesis. It also discusses the importance
of evaluating the chosen emerging contaminants and reviewing the data available on their
effects on marine biota. The chapter also discusses the importance of the Mediterranean mussel

and its reproduction.

In Chapter 2, a toxicity assay of PS-NPs was used to calculate ECso, in vitro assays were
carried out to assess cytotoxicity in mussel haemolymph after exposure to PS-NPs, and the
toxic effects on neurotoxicity in the gills of M. galloprovincialis and the ingestion of PS-NPs

in the gills, digestive gland and gonads of M. galloprovincialis

Chapter 3 focuses on the effects of PS-NP exposure in the gills and the digestive glands of
M. galloprovincialis. The behaviour of PS-NP was characterised in fresh and seawater.
Genotoxicity was evaluated in mussel haemolymph, and the antioxidant capacity was assessed

in terms of antioxidant enzymes and oxidative damage.

Chapter 4 evaluates the effects of 5-Fluorouracil alone and in a mixture with polystyrene
nanoplastics and silver nanoparticles in the gills and the digestive gland of M. galloprovincialis.
Genotoxicity was evaluated in mussel haemolymph, and the antioxidant enzymes and oxidative
damage in the gills and the digestive glands, as well as synergistic and antagonistic interactions

between this mixture of contaminants.

In Chapter 5, the effects of PS-NP, 5-FU and nAg individually and as a tertiary mixture are
evaluated in the gonads of M. galloprovincialis. The antioxidant capacity was analysed
regarding the antioxidant enzymes, and oxidative damage and synergistic and antagonistic

interactions between these contaminants were evaluated.

Chapter 6 evaluates gender differences in the effects of PS-NP and 5-FU individually and
as a mixture in the gonads of M. galloprovincialis. The ingestion of PS-NP in male and female
gonads was evaluated. The antioxidant capacity in terms of the antioxidant enzymes, oxidative
damage and synergistic and antagonistic interactions between contaminants in the mixture
were assessed. A weight-of-evidence model was also used to evaluate the harmfulness of the

individual contaminants and as a mixture in both male and female mussels.
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In Chapter 7, a proteomic approach was used to evaluate changes in protein expression at

the biological, cellular, and molecular levels in male and female mussels when exposed to PS-
NP.

Chapter 8 assesses the effects of PS-NP on spermatozoa, oocyte and embryo-larval

development of M. galloprovincialis.

Chapter 9 concludes with a comprehensive review of the findings from the earlier chapters,

outlines general conclusions, and suggests further research.
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CHAPTER 11

Polystyrene nanoplastics in the marine mussel Mytilus
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Abstract
Concerns about plastic pollution and its toxicity to animals and humans are increasing.

Polystyrene (PS) is a plastic polymer that is extensively produced in Europe for packaging
and building insulation, among other uses. Regardless of their source—illegal dumping,
inadequate waste management, or insufficient treatment for removing plastic debris from
wastewater treatment plants—PS products ultimately end up in the marine environment.
Nanoplastics (< 1000 nm) have become the new focus of plastic pollution and are attracting
significant interest. Whether primary or secondary, their small size enables nanoparticles
to cross cellular boundaries, consequently resulting in adverse toxic effects. An in vitro
assay of Mytilus galloprovincialis haemocytes exposed to 10 pg/L of polystyrene
nanoplastics (PS-NPs; 50 nm) for 24 hours was conducted to assess cellular viability, along
with the luminescence inhibition (LCso) of Aliivibrio fischeri bacteria to evaluate acute
toxicity. The cellular viability of mussel haemocytes significantly decreased after a 24-hour
exposure, with PS-NPs LCso ranging from 180 to 217 pg/L. Furthermore, a 28-day
exposure of the marine bivalve M. galloprovincialis to PS-NPs (10 pug/L; 50 nm) was
carried out to assess neurotoxic effects and the uptake of these plastic particles in three
bivalve tissues (gills, digestive gland, and gonads). The ingestion of PS-NPs was both time-
and tissue-specific, indicating that PS-NPs are taken in through the gills and then
translocated via the mussel’s bloodstream to the digestive gland and gonads, where the
highest accumulation of ingested PS-NPs was observed. The presence of ingested PS-NPs
may compromise the digestive glands' essential metabolic function and impair the mussels'
gametogenic and reproductive success. Data on acetylcholinesterase inhibition, along with
previously gathered information on a wide range of cellular biomarkers, were analysed
through weighted criteria, providing a comprehensive assessment of cellular hazard from

PS-NPs.
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2.1.Introduction

Concerns have been raised regarding plastic pollution and its dangers to people and
wildlife. Global plastic production (GPP) increased to 390.7 Mt in 2021 (PlasticEurope,
2022) and, among the consequences of illegal littering and dumping, waste
mismanagement, as well as a low percentage of recycled plastics (8.3%) compared to
fossil-based plastics (90.2%), the aquatic environment is the inevitable fate of these
materials. In Europe, plastic production was equivalent to 15% of GPP (57.2 Mt), with
applications such as packaging and building and construction composing 39.1 and 21.3%
of Europe’s plastic demands, respectively (PlasticEurope, 2022). In 2021, the European
Union adopted a directive banning all single-use plastics, except bottles and fishing gear,
which account for 70% of marine litter (Directive (EU) 2019/904).

Polystyrene (PS) is a plastic polymer highly produced for packaging, building
insulation, medical equipment, toys, and single-use plastics (PlasticEurope, 2022). Besides
being inexpensive and readily available, PS is known for its incredible dimensional stability
and water resistance, permitting it to remain consistent in size and shape and certified as
safe for use in food and beverages (Block et al., 2017). For example, PS can be found in
day-to-day products, such as disposable cutlery, food containers, plates, cups, automotive
and electrical components, and household items. However, not all plastic and PS products
are recyclable (The Waste and Resources Action Programme, 2023). With PS products
placed in waste bins, waste mismanagement and illegal dumping, and wastewater treatment
plants (WWTP) also lacking the correct technique or method for plastic debris removal, the
marine environment will be the endpoint for these PS particles. Field has reported
seventeen million tons/year of generated PS global waste (Yuan et al., 2022). Once in the
ocean, plastics undergo five main processes—hydrolysis, mechanical/physical degradation,
thermal-oxidative degradation, photo-degradation, and biodegradation (Andrady, 2011) —
that break down and fragment plastics into smaller sizes. After much focus on microplastics
(> lum to 5 mm), nanoplastics (< 1000 nm; PS-NPs) are gradually gaining priority as nano-
sized plastic particles may cross cellular boundaries, increasing their potential toxicity
towards marine organisms (Peng et al., 2020). PS-NPs in the aquatic environment can be
either primary or secondary. Primary PS-NPs enter the environment already in the nano-
size range, and they are found in daily-use products such as cosmetics, clothing fibres, drug
delivery and 3D ink printers (Bergami et al., 2016; Bessa et al., 2018; Canesi et al., 2015;
Dong et al., 2019; Tamminga et al., 2018; Wang et al., 2018). The breakdown and
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fragmentation of macroplastics (> 5 mm) and microplastics (< 5 mm) generate secondary
PS-NPs. Although techniques for detecting and quantifying PS-NPs in the ocean are still
challenging, evidence exists of plastics in the nano-size range. In the North Atlantic Gyre,
a segment of nanoplastic containing PS in the nano-size range, along with polyethylene,
polyvinyl chloride, and polyethylene terephthalate, was discovered. After simulating
coastal activities on a PS cup and lid, nano-sized particles were released after just 5 minutes
(Ekvall et al., 2019).

The toxic effects of PS-NPs in marine organisms have been evaluated (Auguste et al.,
2020; Capolupo et al., 2021; Ferreira et al., 2019; Gongalves & Bebianno, 2021; Gongalves
et al., 2022; Kihara et al., 2021) (Chapters 1, 3), demonstrating that PS-NP-mediated
toxicity influences cell growth, larval development, embryonic malformation,
inflammation, and the potential inactivation of algal photosystems (Gongalves & Bebianno,
2021; Kogel et al., 2020) (Chapter 1). In the marine mussel Mytilus galloprovincialis, PS-
NPs induce oxidative stress and damage (10 pg/L; 50 nm; 21 days) (Gongalves et al., 2022;
Chapter 3) and lysosomal destabilisation (1.5 — 150 ng/L; 50 nm; 21 days) (Capolupo et
al., 2021). Additionally, in the mussel Mytilus coruscus, oxidative stress and a reduction in
amylase activity were observed following exposure to PS-NPs (80 nm; 15 days; 0.26
mg/L). Although the ingestion and translocation of MPs have been evaluated, determining
whether PS-NP toxicity is solely due to their ability to cross cellular boundaries or whether
these nanoparticles are ingested, accumulated, and translocated between tissues remains
challenging. In comparing MPs/PS-NP uptake, Wang et al. (2021) found that the ingestion
of PS-NPs (70 nm and 500 nm) was greater than that of MPs (5, 10 and 100 um) in the
digestive tract of M. coruscus and noted translocation of the particles into the gonads (3-,
15- and 87-hours exposure, followed by 87 hours depuration). Consequently, this study
conducted a combination of in vitro and in vivo experiments to assess both acute toxicity
and chronic effects of PS-NPs on key model species. An in vitro assay on M.
galloprovincialis haemocytes was performed to evaluate cellular viability after 24 hours of
exposure to 10 pg/L of PS-NPs (50 nm), and acute toxicity was further characterised
through the Microtox® bioassay (LCso). An in vivo 28-day exposure of mussels was
performed at the same concentration of PS-NPs to evaluate both the ingestion of
nanoparticles in gills, digestive glands, and gonads and the onset of neurotoxicity in gills.
These data were further integrated with those previously reported on a broad selection of
cellular biomarkers; their overall elaboration through weighted criteria was expected to

evaluate the toxicological hazard of PS-NPs better.
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2.2.Materials and Methods

2.2.1. Polystyrene nanoplastics (PS-NPs)

Fluoresbrite® Plain YG spherical polystyrene nanoplastics of 50 nm in size (CAS
9003-53-6) were purchased from Polysciences, Inc. (Germany). 50 nm particles packed as
2.5% aqueous suspension, with 3.64 x 10! particles/mL in ultrapure water (7732-18- 5)
(CV = 15%, Excitation max. = 441 nm, Emission max. = 486 nm). Gongalves et al. (2022)
provides a comprehensive description of the characterisation of PS-NPs and demonstrates
that the hydrodynamic diameter of PS-NPs increases when dispersed in FSW (852 + 103
nm), indicating that the high salt content in seawater contributes to
aggregation/agglomeration kinetics (Chapter 3). A concentration of 10 pg/L was employed

for exposure assays.

2.2.2. Acute toxicity assay

The solid phase Microtox® bioassay (SPT, Azur Environmental, 1998) was employed
to assess the acute toxicity of polystyrene nanoplastics (PS-NPs; 50 nm) in the
bioluminescent marine bacterium Aliivibrio fischeri, according to ISO 1134-3: 2007 and
ISO 21338: 2010, following the methodology outlined by Gambardella et al. (2019). All
reagents and lyophilised A. fischeri bacteria (NRRL B-11177) were sourced from Modern
Water Ltd (USA). The tests were conducted at 15°C in the provided Microtox diluent. The
initial concentration of PS-NPs used was 3724 nug/L, and a 1:2 serial dilution was
performed 13 times, with the lowest concentration of PS-NPs tested being 0.45 ng/L. The
acute toxicity of PS-NPs was evaluated in terms of relative bioluminescence using a
Microtox™ 500 luminometer after 5, 15, and 30 minutes of incubation. Bioluminescence
inhibition was determined using the Microtox®FX equipment, and the data were analysed
with the MicrotoxOmni software. The median lethal concentration (LCso) was defined as
the concentration that resulted in a 50% reduction in light after 5, 15, and 30 minutes of

exposure for the bacteria.

2.2.3. Invitro assay

Fifteen mussels M. galloprovincialis (60 £ 5 mm) were collected from an offshore
aquaculture site in Lagos, Southeast Portugal (A: 37°04°200” N 8°42,800” W, B:
37°04°200” N 8°41°000” W, C: 37°03°400” N 8°41°000” W, D: 37°03°400” N 8°42°800”
W; Testa & Cunhas Ltd) and transported alive to the laboratory. Mussels (2 mussels/L)
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were placed into a 10 L tank with 7.5 L of seawater (S: 36 + 1) and left to acclimatise for
48 hours. Then, mussel haemolymphs were extracted from the posterior adductor muscle
of mussels with a sterile hypodermic syringe (1 mL; 25 G needle) under aseptic conditions
in a vertical laminar airflow cabinet and kept on ice. Cell extraction and incubation methods
were based on the modifications of protocols developed by Goémez-Mendikute &
Cajaraville (2003) and Katsumiti et al. (2014). Five pools of three mussels per pool were
used. Firstly, 10 pL of pooled haemolymph was diluted in an anti-aggregation solution
(17ImM NaCl; 0.2M Tris; 0.15% v/v HC1 1 N; 24mM EDTA) to avoid clumping and
aggregation of cells (Katsumiti et al., 2014). Trypan blue dye (0.4% in physiological
solution; v/v) was added for cell staining in a 1:2 ratio (cell suspension: Trypan Blue 0.4%).
Using a Neubauer chamber (200 cells per specimen), along with a haemocytometer and
light microscopy (Compound Light Microscopy; 400x), cell viability was determined by

the following equation:

n2cells x 10000

Concentration (cells mL™1) = S X dilution factor
n® squares

Cell suspensions were diluted to a 2 x 10° haemocyte cells/mL density following cellular
viability in an anti-aggregation solution. A volume of 100 pL was seeded into 96-well
microplates (six replicates per pool) containing Dulbecco’s Modified Eagle Medium
(DMEM, pH 7.4) and exposed to 10 pg/L of PS-NPs. The microplates were incubated for
24 hours at 18 °C. After this incubation period, the culture media was discarded, and the
neutral red (NR) assay was performed, adapted from the protocol described by Katsumiti
et al. (2014). The culture medium from the wells was carefully removed, and the state of
the cells was examined under light microscopy (Compound Light Microscopy; 400x).
Subsequently, 50 pL of neutral red working solution (0.4%, pH 7.3-7.4) was added to each
well, including empty wells for the negative control, and incubated for 1 hour in the dark.
The microplate was then centrifuged at 270 g for 10 minutes at 4°C, after which the
supernatant was removed, and the wells were gently washed with PBS. The dye was
extracted from the viable cells using an acetic acid/ethanol solution (1:100), following
sample transfer to U-bottom 96-well microplates and centrifugation at 270 g for 10 minutes
at 4 °C. The supernatants were subsequently placed in flat bottom microplates, and

absorbance was measured at 550 nm using the Infinite M200 Pro, TECAN®.
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2.2.4. Invivo assay

Mussels M. galloprovincialis Lamarck, with a shell size of 60 +£ 5 mm, were collected
from the Ria Formosa Lagoon in Southeast Portugal (37°00'30.6"N 7°59'39.6"W) and
transported alive to the laboratory. Following a four-day acclimatisation period, 50 mussels
were placed into each 30 L tank containing 25 L of seawater in a triplicate design to achieve
aratio of 2 mussels per litre. Mussels were exposed to 10 pg/L of polystyrene nanoparticles
(PS-NPs; 50 nm) for 28 days. Seawater was exchanged every two days, and nanoparticles
were re-dosed. No mortality was observed in either treatment.

Mussels were collected at the beginning of the experiment and after 3, 7, 14, 21, and
28 days of exposure. They were weighed, and the gills, digestive glands, and gonads were
dissected. Then, they were instantly frozen in liquid nitrogen and stored at -80°C for
subsequent investigation of neurotoxicity (AChE) in the gills and the ingestion of PS-NPs

in the three tissues.

2.2.5. Quality control and assessment

Each tank was covered in glass to reduce airborne pollution, and glass pipettes were
used to administer aeration to prevent plastic contamination. To prevent further plastic
contamination, no gloves, plastic instruments, or plastic materials were used during tissue
dissection. Furthermore, haemolymph extraction and cell cultures were performed under

aseptic conditions in a vertical laminar airflow cabinet.

2.2.6. Acetylcholinesterase activity (AChE)

ACHhE activity was only assessed in the gills of M. galloprovincialis (n=5 per treatment
and time of exposure) following a modification of Ellman’s colourimetric method (Ellman
et al., 1961). This method relies on the reaction between acetylthiocholine (ATC) and 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB), resulting in the formation of a yellow product, 5-
thio-2-nitrobenzoic acid (TNB) ion. Initially, the gills were individually homogenised in 5
mL of Tris-HCI buftfer (100 mM, pH 8) and 50 pL of Triton X-100 (0.1%). After
centrifugation (12 000 x g, 4°C, 30 min), the supernatant was collected and stored at -80°C
until further analysis.

ACHhE activity was determined by adding DTNB (0.75 mM) to the samples, which were
left to incubate at room temperature for 5 mins. Then, an ATC solution (3 mM) was added

to trigger the reaction. The absorbance was read at 412 nm using a Tecan (Infinite 200 Pro)
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microplate reader for 5 mins with 30-second intervals. AChE activity is expressed as nmol

ATC min’! mg protein’.

2.2.7. Total protein

AChHE activity was standardised to determine total protein concentrations using the
Bradford (1976) method. Total protein concentrations (mg protein g! tissue) were
calculated using bovine serum albumin (BSA) as a standard and optimised for the

microplate reader.

2.2.8. Ingestion

Following the method described by Gagné (2019), the ingestion of PS-NPs was
evaluated using a fluorescence-based methodology with the molecular rotor probe 9-
(dicyanovinyl)-julolidine (DCVJ). Firstly, individual tissues (gills, digestive glands, and
gonads) (n=6 per treatment, per time of exposure) from mussels were homogenised at 20%
(w/v) in an ice-cold buffer solution (50 mM NaCl, 10 mM Hepes — NaOH [pH 7.4], 1 mM
EDTA, and 1 mM DTT), utilising a VWR Star-Beater (5 min, 20/s shaking, with grinding
balls). Samples were centrifuged for 20 minutes (2°C, 15,000 g) to isolate the cytosolic
fraction, and the resulting supernatant was immediately frozen at -80°C until further
analysis. Samples were then analysed using a spectrofluorometric microplate reader
(Berthold Tristar 5) with excitation at 450 nm and emission spectra ranging from 400 to
800 nm. The wavelength corresponding to PS-NPs was 510 nm. Results are expressed as

PS-NPs ng/g wet weight relative to controls.

2.2.9. Statistical Analysis

The significance of the differences between treatments and time was determined using
the Shapiro-Wilk test for data distribution and variance homogeneity, alongside either
parametric tests (ANOVA, followed by Tukey's post hoc test) or non-parametric equivalent
tests (Kruskal-Wallis and a two-tailed multiple comparisons test). The results were deemed
significant if p < 0.05. GraphPad Prism version 9.4.1 (GraphPad Software, Inc. CA) was
utilised for the statistical analysis. Furthermore, the relationship between treatments (not
exposed and exposed to PS-NPs) and the examined tissues (gills, digestive gland, and
gonads) was assessed using Principal Component Analysis (PCA) [Statistica 7.0 software

(Statsoft Inc., 2005; USA)].
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2.2.10. Weight of Evidence (WOE)

In addition to results on acetylcholinesterase, data on cellular biomarkers (superoxide
dismutase SOD, catalase CAT, glutathione peroxidase GPx, glutathione S-transferases
GST, lipid peroxidation LPO and DNA damage) were also obtained from Gongalves et al.
(2022) (Chapter 3) who exposed mussels to the same exposure to PS-NPs as described in
the present work (10 pg/L of PS-NPs 50 nm for 21 days). The overall biomarkers results
were elaborated through a quantitative Weight Of Evidence model (WOE, Sediqualsoft)
that provides a synthetic hazard index based on a specifically developed algorithm and
mathematical procedure (Regoli et al., 2019). For each analysed biomarker, the magnitude
of the observed variation is compared to a specific threshold, corrected for the toxicological
relevance of the biological endpoint (weight) and the statistical significance of the
difference concerning controls. Whole calculations, detailed flow charts, and the rationale
for weights, thresholds, and expert judgements have been previously described in detail

(Regoli et al., 2019).

2.3.Results

2.3.1. PS-NPs Acute Toxicity

The ECso (ng/L) for luminescence inhibition of A. fischeri after 5, 15, and 30 minutes
of exposure to PS-NPs was 217, 196, and 180 ng/L, respectively (Table 2.1).

Table 2.1. LCsy concentration (ug/L) of polystyrene nanoplastics

LCso (ug/L)
5 mins 15 mins 30 mins
217 196 180

2.3.2. Invitro assay
In M. galloprovincialis haemocytes, exposure to PS-NPs (10 png/L) for 24 hours caused

a significant reduction in cell viability compared to unexposed cells (p < 0.05) (Fig. 2.1.).
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Figure 2.1. M. galloprovincialis cell viability (mean + sd) using Neutral Red dye in unexposed
haemocytes (CT) and those exposed to 10 pg/L of PS-NPs after 24 h. Different letters indicate
significant differences between treatments (p < 0.05).

2.3.3. ACHhE activity

Significant differences in unexposed mussels were observed on days 14, 21, and 28
compared to the beginning, while the effects of PS-NPs became particularly evident after
3 and 7 days of exposure (p < 0.05; Fig 2.2). In the gills of mussels exposed to PS-NPs, a
substantial decrease in AChE activity was recorded after 3 days of exposure (p < 0.05),

with an additional two-fold decrease measured between 3 and 28 days (p < 0.05).
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Figure 2.2. Acetylcholinesterase activity (AChE) in gills of M. galloprovincialis (mean = sd) unexposed
(CT) and exposed to 10 pg/L of PS-NPs after 28-d. Different upper- and lower-case letters indicate
significant differences between treatments for the same time and between times for the same treatments,
respectively (p < 0.05).
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2.3.4. Ingestion

Mussel gills showed substantial ingestion of PS-NPs (1.7 £ 0.01 pg/w.w.), equating to
6.75 x 108 particles/mL (Fig. 2.3A) after 3 days of exposure, compared to other durations
(» <0.05). In the digestive glands, there was a notable increase in PS-NP ingestion after 14
days of exposure (p < 0.05), amounting to 5.5 x 10'* particles/mL (Fig. 2.3B). In
comparison to gills and digestive glands, the highest levels of PS-NP ingestion were
observed in the gonads after 7 and 14 days of exposure, with values of 2.6 + 0.5 and 2.0 +
0.6 pg PS-NPs/g w.w., representing 2.9 x 10'° and 2.1 x 10'° particles/mL, respectively (p
<0.05), as shown in Fig. 2.3C.
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2.3.5. Principal Component Analysis (PCA)

The ingestion of PS-NPs in the three mussel tissues (gills, digestive gland, and gonads)
was described using PCA, which was applied to all the data collected at each time point
throughout the 28 days of exposure (Fig. 2.4). The two principal components (PC1 and
PC2) accounted for 74.2% of the overall variation (PC1 = 50.37%, PC2 = 23.82%; Fig.
2.4). There is a distinct separation between the mussel gills and the other evaluated tissues,
as well as a differentiation between the unexposed mussels and those exposed to
polystyrene nanoplastics. The first principal component exhibits significant positive
associations with the digestive gland and gonads of mussels, in addition to days 7, 14, and
21 of exposure to PS-NPs. Relative to the seco™ component, significant associations are
evident in the digestive gland of mussels and on days 14 and 28 of exposure to PS-NPs.
Therefore, the PCA (Fig. 2.4) corroborates the ingestion of PS-NPs observed in the
digestive gland and gonads of mussels (Fig. 2.3.B and 2.3.C), supporting the notion that 7,
14, and 21 days of exposure are the most critical for this species. Thus, the PCA confirms

that the ingestion of PS-NPs in M. galloprovincialis is both tissue- and time-dependent.
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Figure 2.4. Principal component analysis of ingestion in the gills, digestive glands, and gonads of M.
galloprovincialis in unexposed and exposed to 10 pg/L of PS-NPs for 28-d (p < 0.05).

-47 -



2.3.6. WOE
The overall WOE elaboration of biomarker results (Table 2.2) indicated an increase in
cellular hazard after 3 days (Moderate) and even more so after 7 and 14 days (Major), while
it returned to a Slight level by day 21. The parameters that primarily contributed to the
time-course hazard increase were the antioxidant enzymes (SOD, CAT, GPx, and GST),
further evidenced by significant variations in oxidative damage concerning DNA and lipid

peroxidation.

Table 2.2. Weight of Evidence (WOE) of 10 pg/L of PS-NPs

Samule cod Dat N. param in class N. param in class N. param in class N. param in class N. param in class Level of hazard for
ample code ata ABSENT SLIGHT MODERATE MAJOR SEVERE biomarkers
PS-NPs-0  14.07.2020 17 0 0 0 0 ABSENT \

T
PS-NPs-3  14.07.2020 10 3 2 1 1 MODERATE ‘\
PS-NPs-7  14.07.2020 8 1 2 4 1 A
PS-NPs-14  14.07.2020 10 0 3 3 1 A
PS-NPs-21  14.07.2020 12 4 0 0 0 SLIGHT \\

2.4. Discussion

The haemolymph of mussels reports the functional condition of the organs it perfuses
and extensive information on the animals' overall physiological status (Digilio et al., 2016).
The viability of haemocyte cells in M. galloprovincialis haemolymph was affected by the
exposure to PS-NPs (10 pg/L; 50 nm; Fig. 2.1.). M. galloprovincialis haemocytes exposed
to 50 pg/mL of PS-NH2 PS-NPs (50 nm) also caused cytotoxicity [30 min; (Canesi et al.,
2015)], although the concentration is much higher than the one used in this study,
cytotoxicity results may reflect increased toxicity of virgin PS-NPs compared to
functionalised PS-NPs (i.e. PS-COOH and PS-NH32). Moreover, PS-COOH and PS-NH2
have been shown to alter immune parameters in the haemolymph of M. galloprovincialis,
such as phagocytosis, lysosome activity, reactive oxygen species (ROS) and nitric oxide
(NO) production (Auguste et al., 2018; Auguste et al., 2020; Canesi et al., 2015). They
should be evaluated for virgin PS-NPs to assess whether they are more hazardous than
functionalised PS-PS-NPs. Additionally, increased DNA damage in M. galloprovincialis
haemolymph was caused by exposure to PS-NPs [10 pg/L; 50 nm; 14-d (Gongalves et al.,
2022; Chapter 3) and 0.05 — 50 mg/L; 106 = 10 nm; 96 h (Brandts et al., 2018)]. The
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translocation of PS-NPs from tissues to cells was evaluated, demonstrating that the
internalisation of PS-NPs in haemocytes is size-dependent, with 50 nm PS-NPs mostly
internalised compared to 100 nm and 1 pm polystyrene particles (Sendra et al., 2020a).
Therefore, PS-NPs of 50 nm in size induce cytotoxicity and may have more severe
implications for the overall physiological status of M. galloprovincialis.

Regarding acute toxicity, no effects of microplastics were demonstrated at
environmentally relevant concentrations (Booth et al., 2016; Gagné, 2017; Gambardella et
al., 2019), while exposure of the luminescent bacteria, A. fischeri, to PS-NPs (0.45 to 3724
pg/L; 50 nm) caused toxic effects after 5, 15 and 30 mins of exposure (Table 2.1.). After
30 mins, LCso for PS-NPs (50 nm) was evaluated here to have a much lower value, 180
pg/L, compared to 1000 mg/L of 2-poly(methylmethacrylate) NPs [86 to 125 nm; 0.01 —
1000 mg/L; PMMA-NPs; (Booth et al., 2016)] and 1000 png/mL polyethyleneimine PS-NPs
[55 and 110 nm; 3 — 1000 pg/mL; PS-PEI-PS-NPs; (Casado et al., 2013)]. Therefore, it is
deducible that PS-NPs are more toxic than PMMA-NPs and PS-PEI-NPs. Gambardella et
al. (2019) suggested that particles smaller than 1pum would be more toxic as the pore size
of cell walls prevents larger particles from entering the bacterium (PE-MPs; 1 — 500 um;
25 mg/L), thus confirming the ability of nano-sized particles to cross cellular boundaries.
Moreover, PE-MPs did not affect 4. fischeri luminescence (Gambardella et al., 2019). With
effects on cellular viability, growth, and potential internalisation of PS-NPs, nano-sized
plastic particles pose a greater risk than micro-sized ones, with unpredictable consequences
for trophic transfer and overall ecosystem impacts.

In the gills of mussels, neurotoxicity occurred after 3 days of exposure to 10 pg/L of
PS-NPs (50 nm). Despite the differences observed in controls, a decrease in AChE activity
was noticeable throughout the 21-d exposure. A 15 ng/L exposure of PS-NPs (50 nm) for
21 days also caused a decrease in AChE activity in the M. galloprovincialis gills (Capolupo
et al., 2021), while no neurotoxicity was observed in the freshwater clam Corbicula
fluminea after exposure to PS-NPs (80 nm; 0.1 — 5 mg/L; 96 h) (Li et al., 2020). On the
other hand, microfibres of PET caused a dose-dependent increase of AChE activity in the
gills of M. galloprovincialis (PET-MFs; 100 pm; 0.0005 — 100 mg/L, Choi et al., 2021)
suggesting that PS-NPs have a more significant on AChE, causing adverse effects to the
neurological and sensory systems of mussels. Acetylcholine, a key neurotransmitter in the
neurological and sensory systems, is broken down by AChE to convey impulses at
cholinergic synapses, essential for neurotransmitter release and synaptic plasticity

(Picciotto et al., 2012). Therefore, it can be deduced that as the size of PS-NPs decreases,
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they exert more neurotoxic effects on mussels, which are more pronounced in seawater
than in freshwater.

To the best of our knowledge, this is the first data set on the ingestion of polystyrene
nanoplastics (50 nm), using the method developed by Gagné (2019), in the three tissues of
M. galloprovincialis (gills, digestive gland, and gonads) after a 10 pg/L exposure for 28
days. Considering the pathways of PS-NP intake for a filter-feeder organism like M.
galloprovincialis, these particles can directly enter the organism through the gills or their
ability to cross cellular boundaries due to their small size. With biological reactivity
increasing with decreasing particle size (Peng et al., 2020), the relationship between PS-
NP ingestion and toxicity towards organisms is crucial. After 28 days of exposure to 10
pg/L of PS-NPs (50 nm), M. galloprovincialis gills, digestive gland and gonads presented
time-specific ingestion rates. As filter-feeding organisms, the increase in PS-NP ingestion
by the gills after 3 days of exposure is expected, as this is the first tissue to encounter
contaminants in the surrounding environment. Looking at the same experimental
conditions (10 ug/L PS-NPs; 50 nm; 21-d), the gills of M. galloprovincialis after 3 days of
exposure led to a significant decrease of antioxidant enzyme activity until the 14 day,
leading to oxidative damage (Gongalves et al., 2022; Chapter 3). Results suggested that the
internalisation of PS-NPs in the gills has a prolonged toxic effect, although an adaptive
response was observed after 21 days. In another study, PS-NPs (50 nm) were also found in
M. galloprovincialis gills. However, larger PS-NPs (100 nm and 1pum) were more abundant
after 24h of exposure (Sendra et al., 2020b); this was partly expected as larger particles
have similar sizes to food sources and are often mistaken as non or low-nutritional food
(PS-NPs; 30 nm; 0.1 — 0.3 g/L; 8 h) (Wegner et al., 2012). However, in the gills of the
mussel Mytilus coruscus, intake and ingestion of PS-NPs were seen as unstable, with intake
levels of smaller PS-NPs (70 nm) higher than bigger tested PS-MNPs (0.5, 5, 10 and 100
pum) [0.2 mg/L; 3h and 24h; (Wang et al., 2021)]. Therefore, further evaluation is necessary
to comprehend how different sizes of PS-NPs are ingested and accumulated in the gills of
mussels.

The digestive gland of mussels is responsible for vital metabolic functions, such as food
intracellular uptake/digestion and as a storage for reserve substances (Faggio et al., 2018).
Here, the mussel's digestive gland shows a significant intake of PS-NPs after 14 days of
exposure (p < 0.05). This suggests that after initial ingestion of the gills at day 3, PS-NPs
translocate to the digestive gland and remain stored until the end of the experiment. The

seventh day was most critical for mussel digestive glands after 21 days of exposure to 10
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png/L (50 nm), causing inhibition of CAT and GPx activity and consequently leading to
oxidative damage (Gongalves et al., 2022; Chapter 3). In this instance, the results suggest
that although not significant, the presence of PS-NPs at day 7 is critical for this tissue and
that the increase in ingestion after this time point truly overwhelms the antioxidant defence
system of the mussel.

Moreover, Sendra et al. (2020) suggest that the digestive gland of M. galloprovincialis
was the expected destination for PS-NPs (50 nm; 3 and 24h), being these particles were
observed in the stomach lumen, epithelia of the stomach and the lumen of digestive tubules.
Also, glitter particles (62.5 particles/L; 7-d) ingested by M. galloprovincialis accumulated
in the digestive tract of mussels as the ingested glitter increased with the decrease in particle
size (Provenza et al., 2022). Findings confirm that the smaller the size of the nanoplastic,
the greater the accumulation of these particles in the digestive system of mussels. Wang et
al. (2021) found that most ingested PS-MNPs (70 nm, 0.5, 5, 10, and 100 um; 87h exposure
followed by 87h depuration) in M. coruscus were in the digestive gland of the mussels,
being dependent on particle ingestion size, with a higher ingestion of 70 nm PS-NPs. This
confirms the role of the mussel's digestive gland as a reservoir and substantiates that the
ingestion of PS-NPs is size-dependent.

Gonads of mussels showed the highest levels of PS-NPs among those measured in the
three tissues, mainly after 7 and 14 days of exposure (2.6 + 0.5 and 2.0 + 0.6 pug PS-NPs/g
w.w., respectively; p < 0.05). Considering the anatomy of mussels, a hypothesis is that PS-
NPs, due to their small size and ability to cross cellular boundaries, may ‘diffuse’ across
tissues besides being transported to different tissues via the haemolymph. A translocation
study from cells to tissue showed that internalisation of PS-NPs (50 nm, 100 nm and 1pum;
3 — 24 h) into haemocytes was size—dependent, with PS-NPs of 50 nm being the most
internalised (Sendra et al., 2020b). Therefore, the observed ingestion of PS-NPs (50 nm) in
gonads may be due to their translocation by the mussel's bloodstream. However, their
ability to cross cellular boundaries (Peng et al., 2020) should not be excluded. Wang et al.
(2021) also observed that in M. coruscus, translocation of PS-MNPs to gonads occurred
(70 nm, 0.5, 5, 10, and 100 um; 87h exposure followed by 87h depuration). However, the
ingestion of PS-NPs by gonads was much lower than in the digestive gland. This study
observed the opposite; thus, smaller PS-NPs seem more hazardous for mussel gonads.
However, the antioxidant defence mechanism of M. galloprovincialis exposed to 10 pg/L
of PS-NPs (50 nm) for 21 days was able to counteract PS-NPs toxicity, and no oxidative

damage was observed (Gongalves & Bebianno, 2023; Chapter 5). Still, further analysis
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with sex-differentiating effects is crucial to understanding how ingested PS-NPs can affect
the reproductive organs of mussels. During the gametogenesis cycle, lipid content has been
shown to increase with the maturation of female gonads and to be used as an energy source
during gametogenesis and embryo-larval development (Martinez-Pita et al., 2012). The
gonads of mussels and their development are essential for reproductive success and may
be compromised with the increase in ingested PS-NPs, affecting spermatozoa mobility and
robustness of oocytes; however, further investigation is necessary to confirm this. More
concerning, as PS-NPs of 50 nm internalise haemocytes, spermatozoa and oocytes may
also be at risk. In Crassostrea gigas, the fertilisation rate decreased after gametes were
exposed to PS-NPs (50 nm; 1.5 h) (Tallec et al., 2018), and sperm mobility and fertilisation
success was impaired, as agglomerates of nanoparticles were found attached to
spermatozoa and the jelly coating of oocytes (PS-COOH and PS-NHz; 0.1 to 100 mg/L; 1,
3 and 5 h) (Gonzélez-Fernandez et al., 2018). In M. galloprovincialis, malformations of D-
larvae were found after embryos were exposed to PS-NPs (50 nm; 10 pg/L; 48 hpf)
(Auguste et al., 2021), suggesting that the high levels of ingested PS-NPs in mussel gonads
may pose a significant threat to the reproduction of these organisms.

In the present study, the biological significance of the results observed in this and a
previous study (Gongalves et al., 2022; Chapter 3) was summarised in specific hazard
indices, allowing an easier qualitative and quantitative comparison of the effects of PS-NPs
at different exposure times. The applied elaboration considers the toxicological relevance
(weight) of measured endpoints' and the number and magnitude of variations normalised
to specific thresholds. This model has been validated in several case studies aimed at
evaluating biological and environmental risk assessment, providing the possibility to
integrate large datasets of heterogeneous data and better interpret asynchronous variations
of complex pathways (Mezzelani et al., 2021; Nardi et al., 2022; Pittura et al., 2018; Regoli
et al., 2014). The weighted assessment of biomarker results confirmed the involvement of
oxidative stress in modulating the toxicity of nanoparticles, revealing a clear time-
dependent trend, as previously outlined in the discussion of individual results (Table 2.2).
The cellular hazard increased to moderate after 3 days, further rising on days 7 and 14, and
at this point, the observed variations were classified as major hazards. Following this peak,
a counteracting response to the oxidative challenge is evident in the return to a slightly

hazardous condition.
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2.5.Conclusion

This dataset provides evidence of the ingestion of polystyrene nanoplastics in the
marine mussel M. galloprovincialis, as well as neurotoxicity and in vitro effects on mussel
haemolymph. PS-NPs induce neurotoxicity in mussel gills and reduce viable haemocytes
in the mussel's haemolymph. Ingestion in mussels is tissue and time-specific, with the
highest levels of ingested PS-NPs found in mussel gonads. The amount of ingested PS-NPs
may elucidate biochemical alterations in mussel tissues; however, further investigation is
required. Additionally, the effects of ingested PS-NPs in the gonads of mussels need further
examination to understand how they may influence gametogenesis, fertilisation success,
and embryo-larval development. Finally, the impacts of consuming PS-NPs contaminated
shellfish batches could pose adverse effects on human health and should be considered for

future analysis.
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CHAPTER 111

Chronic toxicity of polystyrene nanoparticles in the

marine mussel Mytilus galloprovincialis
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Abstract
Nanoplastics (NP) (1 — 100 nm) are a growing global concern, and their adverse

effects on marine organisms are still scarce. This study evaluated the impact of polystyrene
nanoplastics (10 pg/L; 50 nm PS-NPs) in the marine mussel Mytilus galloprovincialis after a
21-day exposure. Over time, the hydrodynamic diameter and zeta potential of PS-NPs were
analysed in seawater and ultrapure water. A multi-biomarker approach (genotoxicity (the comet
assay) was assessed in mussel haemocytes, and the antioxidant enzymes (superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx)), biotransformation enzyme (glutathione
— § — transferase (GST)), and oxidative damage (LPO)) was assessed in gills and digestive
glands to evaluate the toxicity of PS-NPs towards mussels. In seawater, aggregation of PS-NPs
is favoured, and consequently, the hydrodynamic diameter increases. Genotoxicity was highly
noticeable in mussels exposed to PS-NPs, presenting a higher % tail DNA when compared to
controls. Antioxidant enzymes are overwhelmed after PS-NP exposure, leading to oxidative
damage in both tissues. Results showed that mussel tissues are incapable of dealing with the
effects that this emerging stressor pursues towards the organism. The Integrated Biomarker
Response index, used to summarise the biomarkers analysed into one index, shows that PS-NP
toxicity towards mussels is both tissue- and time-dependent since gills are the most

compromised tissue.

3.1 Introduction

Nanoplastics (NP) (1 — 100 nm) (Gigault et al., 2018) in the marine environment
primarily originate from the degradation of macro/microplastics (Andrady, 2011; Cole et al.,
2011) but can also enter the marine environment in their initial small size, having been
intentionally manufactured to a specific size for applications found in consumer products (e.g.,
cosmetics, clothing fibres, drug delivery, etc.) (Bessa et al., 2018; Tamminga et al., 2018; Wang
et al., 2018). These pose an increasing global concern, and the time required to produce nano-
sized plastic particles depends on the size of the original plastic (Koelmans et al., 2015). Once
in the marine environment, plastic particles undergo two primary breakdown processes:
fragmentation and degradation (Mattsson et al., 2018). Following the fragmentation of larger
plastic polymer chains into smaller fragments, the polymer itself remains unaltered; however,
degradation processes render plastic polymers vulnerable to bond-breaking mechanisms, thus
altering the polymer properties (Andrady, 2011). Regarding plastic degradation, five main
processes can occur in the marine environment: hydrolysis, mechanical/physical and thermo-

oxidative degradation, photodegradation, and biodegradation (Andrady, 2011). Once plastic
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polymers undergo degradation into nano-sized particles, the surface area increases, enhancing
their potential biological impact (Mattsson et al., 2018; Ferreira et al., 2019). Furthermore, at
the nanoscale, plastic particles exhibit novel physical properties that facilitate their penetration
through biological barriers, leading to accumulation in tissues and consequently affecting the
organism’s metabolism and behaviour (Worm et al., 2017; Mattsson et al., 2018; Ramirez et
al., 2019). Compared to microplastics, the more significant health alterations in mussels have
recently been linked to PS-NP exposure (Capolupo et al., 2021). Therefore, it is crucial to
comprehend the burden of nanoplastic presence and its biological effects on marine biota.

The presence of plastic waste at the nanoscale in marine environments is established;
however, detecting realistic concentrations of nanoplastics (NP) remains challenging, as
several analytical methods are needed to measure NP concentrations accurately across various
types of NP polymers and complex matrices (Halle et al., 2017). In the North Atlantic
subtropical gyre, Halle and colleagues (2017) succeeded in obtaining a nanoplastic segment
containing nano-scaled plastic polymers such as polyvinyl chloride (PVC), polyethylene
terephthalate (PET), polyethylene (PE), and polystyrene (PS). Additionally, styrene oligomers
have been identified along global water shorelines and in sand, and due to their widespread
spatial distribution, they are regarded as a global contaminant in sandy beaches (Kwon et al.,
2015). PS is the four™ most abundant plastic in the world and is extensively utilised in building
insulation, plastic cutlery and glasses, packaging, toys, and medical equipment
(PlasticsEurope, 2019). The degradation of PS products released into the environment is likely
to result in styrene oligomers (Ekvall et al., 2019). Furthermore, Ekvall et al. (2019)
demonstrated that nano-scaled PS particles were generated after five minutes of mechanical
breakdown of PS coftee cup lids and polystyrene foams, simulating processes that occur along
coastlines globally. Therefore, PS is a significantly important plastic polymer to evaluate at the
nanoscale, as its potential release into the marine environment is increasingly high, particularly
in coastal shorelines.

When acknowledging NP toxicity towards marine organisms, factors such as the plastic
particle polymer, size, concentration, and exposure time must be considered, along with the
fact that their toxicity is also influenced by the presence of other contaminants, food
availability, species, and species developmental stages (Kogel et al., 2020). Decreases in
growth rates, energy, stress, inflammation, and malformations are all linked to NP toxicity and
its effects on marine biota (Kogel et al., 2020). Recent reviews have examined the effects of
NP in the aquatic environment (Haegerbaeumer et al., 2019; Ferreira et al., 2019; Peng et al.,

2020; Gongalves & Bebianno, 2021; Kihara et al., 2021) (Chapter 1). In the marine context,
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the impacts of NP on bacteria, algae, rotifers, nematodes, crustaceans, echinoderms, bivalves,
and fish have been assessed (Ferreira et al., 2019; Gongalves & Bebianno, 2021; Kihara et al.,
2021; Capulupo et al., 2021) (Chapter 1). Most of the available data are based on PS PS-NPs
with functionalised groups (amide or carboxyl groups) rather than on virgin PS nanoparticles,
as it has been found that those with an amide group are more toxic than PS-NPs with a carboxyl
group (Gongalves & Bebianno, 2021; Chapter 1). PS-NPs have been shown to affect cell
growth, larvae development, embryo malformations, oxidative stress-induced damage to lipid
membranes, and potential inactivation of photosystems in algae (Gongalves & Bebianno, 2021;
Chapter 1). Ekvall et al. (2019) discovered that nanosized polystyrene particles were formed
after mechanical breakdown, where PS-NPs exhibited either negative or neutral surface
charges, highlighting the need to assess virgin PS-NP exposure. However, it is also vital to
comprehend the toxic effects of PS-NPs without functionalised groups, namely virgin PS-NPs.
Furthermore, due to mechanical abrasion from waves, winds, sand, and rocks, the PS-NPs
produced encompass various types of PS-NPs (Ekvall et al., 2019).

Bivalves are regarded as excellent sentinel organisms for ecotoxicological assessments
due to their wide geographical distribution and sessile filter-feeding habits, which enable them
to accumulate nanoplastics (NP) from the surrounding environment, making them crucial
species for assessing the effects of polystyrene nanoplastics (PS-NPs). Chronic exposure to NP
in bivalves, considering the potential for reactive oxygen species (ROS) generation leading to
oxidative stress and tissue-specific damage, remains relatively rare. Consequently, the primary
aim of the present study is to understand the effects of PS NP (10 pg/L) in the marine mussel
Mytilus galloprovincialis through a multi-biomarker approach. This study evaluates
genotoxicity (comet assay) in the mussel’s haemolymph, effects on antioxidant enzyme
activities (superoxide dismutase — SOD, catalase — CAT, glutathione peroxidase — GPx),
biotransformation enzyme activity (glutathione S-transferases — GST), and oxidative damage
(lipid peroxidation — LPO) in the gills and digestive gland following a 21-day exposure.
Although environmentally relevant concentrations of NP are still limited, for microplastics (<
5 mm), concentrations range from 0.008 pg/L (Desforges et al., 2014) to 10 pg/L (Ivar Do Sul
et al., 2014) in coastal regions. Thus, a concentration of 10 pg/L of polystyrene nanoplastics

was chosen.
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3.2.Materials and methods
3.2.1. Polystyrene nanoplastics (PS-NPs)

Fluoresbrite® Plain YG 0.05 Micron Microspheres (9003-53-6) were obtained from
Polysciences, Inc. (Germany). These 0.05 pm particles are packaged as a 2.5% aqueous
suspension, containing 3.64 x 10" particles/mL in water (7732-18-5), with a coefficient of
variation of 15%. The excitation maximum is 441 nm, and the emission maximum is 486 nm.

A concentration of 10 pg/L was realised by adding 3 pL of PS-NPs to 10 L of seawater.

3.2.2. Characterisation of PS-NPs

Commercially available PS-NPs (from Polysciences, Inc., LOT#A780141) were
analysed using a DLS particle sizer (ZetaSizer Nano ZS90, Malvern Inc.) to measure the
hydrodynamic diameter of PS-NPs in both ultrapure water [7732-18-5] and filtered seawater
(FSW). Zeta potential values of the NPs were determined through electrophoresis mobility
measurements at 25°C, employing the same equipment, in a disposable polycarbonate capillary
cell (Ix1x1, DTS1061, Malvern Inc.). Time-resolved DLS measurements were implemented
to assess aggregation kinetics, with samples measured over a period ranging from 2 to 12 hours.
The estimated time interval between the onset of aggregation and data collection was 50
seconds.

3.2.3. Experimental Design

Mussels M. galloprovincialis Lam. (50 = 5 mm shell length) were handpicked from the
Ria Formosa Lagoon (Portugal) (37°00'30.6"N 7°59'39.6" W) and transported alive to the
laboratory. All mussels were scrap—cleaned and placed into 10 L glass tanks (2 mussels/L)
containing natural seawater (S: 35 + 1) on a 12 h/12 h light/dark cycle, kept under constant
aeration. The mussels were acclimatised for four days. After acclimatisation, mussels were
exposed to 10 pg/L of PS-NPs alongside a control group maintained in clean seawater, arranged
in a duplicate design (2 tanks per treatment) for 21 days. The seawater was changed every other
day, with the redosing of PS-NP concentration. Seawater quality was analysed daily by
measuring salinity (36.5 = 0.75), temperature (24.5 = 1.5°C), pH (7.9 £ 0.2), and oxygen
saturation (100 + 1.7%). The mussels were solely fed with the plankton present in the natural
seawater. Mortality was observed in mussels subjected to PS-NP exposure on day 1 (one dead
mussel) and day 3 (one dead mussel). No mortality was noted among the unexposed mussels.

In this experiment, five mussels from both control and PS-NPs tanks were removed at the
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beginning and after 3, 7, 14, and 21 days of exposure, during which the water volume, on
exchange days, and repositioning of PS-NP contamination was adjusted to the number of
mussels in each tank to maintain the ratio of 2 mussels/L. At each sampling point, mussels from
each experimental condition were collected, dissected into gills and digestive glands, and
immediately frozen in liquid nitrogen before being stored at -80°C until further use.
Additionally, five mussel haemolymphs were collected on days 0, 3, and 14 of exposure for
genotoxicity (comet assay). For condition index purposes, mussels were sampled on days 0, 7,
and 14. A battery of biomarkers, consisting of antioxidant enzymes (SOD, CAT, GPx), a
biotransformation enzyme (GST), and oxidative damage (LPO), was employed to assess the

effects of PS-NPs in the gills and digestive glands of M. galloprovincialis.

3.2.4. Quality control quality assessment
To eliminate plastic contamination, glass pipettes and glass tanks with supported
aeration were enclosed, thus preventing aerial plastic contamination. Furthermore, no gloves
or plastic materials/equipment were utilised during tissue dissection to avoid additional plastic
contamination.
3.2.5. Condition Index
The condition index (CI) was assessed in mussels (five per treatment and exposure
duration) to determine their physiological status at the beginning (day 0) and after 7 and 21
days of exposure. The CI was calculated as the percentage (%) of the ratio of the total mussel

weight (tissue and shell) (g) to the wet weight (g) of the soft tissues (Gomes et al., 2013).

3.2.6. Genotoxicity assay

DNA damage was assessed using the alkaline comet assay, adapted from Singh et al.
(1988) and Gomes et al. (2013). Haemolymph from five mussels, collected after 0, 3, and 14
days of exposure to PS-NPs, as well as from five unexposed mussels, was extracted from the
posterior adductor muscle with a sterile hypodermic syringe (1 mL, 25 G needle). For each
experimental condition, 100 pL of subsample was stained with 100 pL of trypan blue to
evaluate cell viability, where the percentage of live cells was determined by randomly counting
100 cells. For DNA damage assessment, microscopic slides were cleaned beforehand in
ethanol/ether (1:1) and coated with 0.65% normal melting point agarose (NMA) in Tris-acetate
EDTA. Upon collection, mussel haemolymph cells were centrifuged at 3000 »pm for 3 minutes

(4°C), and the pellets containing isolated cells were suspended in 0.65% low melting point
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agarose (LMA, in Kenny’s salt solution) and cast onto the microscopic slides. Slides with
embedded cells were then immersed in a lysis buffer (2.5 M NaOH, 100 mM EDTA, 10 mM
Tris, 1% Triton X-100, 10% dimethyl sulfoxide, 1% sarcosine, pH 10, 4°C) for 1 hour, allowing
the diffusion of cellular components and immobilisation of DNA in agarose. After the lysis
stage, slides were carefully placed in an electrophoresis chamber containing electrophoresis
buffer (300 mM NaOH, 1 mM EDTA, adjusted pH 13, 4°C). Electrophoresis was then
performed for 5 minutes at 25 V and 300 mA. Once completed, the slides were removed,
soaked in a neutralising solution (0.4 mM Tris, pH 7.5), rinsed with bi-distilled water, and left
to dry overnight. Afterwards, slides were stained with 4,6-diamidino-2-phenylindole (DAPI,
one pg/mL), and the presence of comets was analysed using an optical fluorescence microscope
(Axiovert S100) coupled to a camera (Sony). With a total magnification of X400, the Komet
5.5 image analysis system was employed to score 50 randomly selected cells for each slide
(200 cells scored per group), following the determination of the amount of DNA in the tail.

Results are expressed as mean + standard deviation.

3.2.7. Tissue preparation for enzyme activities analysis

The gills and digestive gland of the mussel were individually homogenised in 5 mL of
20 mM Tris-sucrose buffer (0.5 M sucrose, 0.075 M KCIl, 1 mM DTT, 1 mM EDTA, pH 7.6)
in an ice bath for 2 minutes, following the protocol described by Geret et al. (2002). The
homogenates were then centrifuged (500 g, 15 minutes, 4°C), and the resulting supernatant
was re-centrifuged (12,000 g, 45 minutes, 4°C) to obtain the cytosolic fraction. Aliquots (150
pL) of the cytosolic fraction were separated for the determination of the activities of each
antioxidant enzyme (SOD, CAT, GPx) and the biotransformation enzyme (GST).

In addition, total protein concentrations (mg protein g*! tissue), adapted for microplate
readers using bovine serum albumin (BSA) as a standard, were determined using Bradford's

(1976) method.
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3.2.7.1. Superoxide dismutase (SOD) activity

SOD activity was evaluated in the gills and digestive gland by calculating the decrease
in absorption of the substrate cytochrome c at 550 nm, using the xanthine oxidase/hypoxanthine

system. The results are expressed as U mg™' protein (McCord & Fridovich, 1969).

3.2.7.2. Catalase (CAT) activity

The quantitative determination of CAT activity in the gills and digestive gland of
mussels followed the procedure defined by Greenwald (1985) and is based on measuring the
consumption of hydrogen peroxide (H202) at 240 nm spectrophotometrically. Results are

expressed as mmol min~' mg protein'.

3.2.7.3.Glutathione peroxidase (GPx) activity
GPx activity in the gills and digestive gland was measured at 340 nm, using cumene
hydroperoxide as the substrate at 28°C, with a microplate reader (Infinite® 200, Pro-Tecan),
based on the method adapted from McFarland et al. (1999). Outcomes are presented as mmol

min! mg protein’!.

3.2.7.4.Glutathione-S-transferases (GST) activity

The biotransformation enzyme GST was measured in the gills and the digestive gland
by conjugating 0.2 mM reduced glutathione (GSH) with 0.2 mM 1-chloro-2,4-dinitrobenzene
(CDNB) in a reaction mixture of 0.2 M KH2PO4/K2HPO4 buffer (pH 7.9) at 340 nm using a
microplate reader (Infinite® 200, Pro-Tecan), following the method adapted from Habig et al.
(1974). Results are expressed as pmol CDNB min™' mg™! protein.

3.2.8. Lipid Peroxidation (LPO)

Mussel gills and digestive glands were individually homogenised on ice with 5 mL of
0.02 M Tris-HCI buffer (pH 8.6) and butylated hydroxytoluene (BHT) in a 1:10 ratio.
Homogenates (3 mL) were centrifuged at 30,000 g for 45 minutes (4°C), and the resulting
supernatant was used to determine total protein concentrations (Bradford, 1976) and LPO
levels. LPO levels were assessed by measuring the absorbance of malondialdehyde (MDA)
and (2 E)-4-hydroxy-2-nonenal (HNE) at 540 nm, following the method adapted from

Erdelmeier et al. (1998). Results are presented as nmol/mg protein.
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3.2.9. Integrated Biomarker Response Index

The integrated biomarker response index (IBR) is an effective tool for visualising the
biological effects of pollutants and simplifying the interpretation of the relationship between
the suite of biomarkers and contamination levels (Devin et al., 2014). Therefore, the biomarker
data from the gills and digestive gland of M. galloprovincialis exposed to polystyrene PS-NPs
were integrated using biomarker response index version 2 (IBR) proposed by Sanchez et al.
(2013), which modified the IBR index defined by Beliaeff & Burgeot (2002) and described in
Serafim et al. (2011). The IBR facilitates the integration of different biomarker responses into
a numeric value. A concept of reference deviation is based on disturbed and undisturbed states,
where the IBR index was developed to eliminate the dependency of the IBR result on the
arrangement of the biomarkers, as well as the induction and inhibition of each biomarker
(Sanchez et al., 2013). The IBR represents a sum of the deviation between unexposed and PS-
NPs on each sampling day.

Briefly, the combined data of each biomarker (Xi) was compared to the data (Xo) of
each biomarker from the control group and log transformed (Yi) to reduce variance [Yi= log
(Xi/ Xo)]. The mean (p) and standard deviation (o) for Yiwere calculated, and the data of each

parameter were further standardised according to the following equation:

Y. —
Zi:(l 2
o

To create a baseline centred on controls and represent parameter variation relative to this
baseline, the mean of the standardised biomarker response (Zi) and the mean of the unexposed
biomarker (Zo) were used to define a biomarker deviation index (A):

A=17,-27,
Lastly, to obtain the IBR index, the absolute value of A was calculated for each parameter in

each experimental condition and summed:
IBRv2 = Z 4]

3.2.10. Statistical analysis

The significant differences between treatments and time were evaluated using
parametric tests (ANOVA followed by Tukey’s post-hoc test) or non-parametric equivalents
(Kruskal-Wallis and a two-tailed multiple comparisons test), depending on data distribution
and homogeneity of variances (Shapiro-Wilk test). Results were deemed significant when p <

0.05. A Principal Component Analysis (PCA) was also employed to assess the relationship
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between treatments (unexposed and exposed to PS-NPs) and the analysed parameters
[antioxidant and biotransformation enzymes (SOD, CAT, GPx, GST) activities and oxidative
damage (LPO)] in the gills and digestive gland of mussels throughout the exposure period (21
days). These statistical analyses were conducted using R software (R Core Team, 2017) and
Statistica 7.0 software (Statsoft Inc., 2005, USA). For IBR, statistical differences were assessed
using a t-test on Microsoft Excel (Microsoft Corporation, 2018. Microsoft Excel, Available at:

https://office.microsoft.com/excel), with results considered significant when p < 0.05.

3.3.Results
3.3.1. PS-NPs characterisation

The hydrodynamic diameter and =zeta potential ((-potential) of polystyrene
nanoplastics (PS-NPs; 50 nm) were studied over a period of 2 to 12 hours, with measurements
taken every 50 seconds in ultrapure water (Fig. 3.1. A) and filtered seawater (FSW; Fig. 3.1.
B). The results indicated that in ultrapure water, the size of PS-NPs remained constant over
time, suggesting that no aggregation of PS-NPs occurred under these conditions. According to
Fig. 3.1. A, the average size of PS-NPs is approximately 25 nm, which is less than the size
reported by the manufacturer. This discrepancy is typical, as it often relates to the methods used
for measuring the size of these particles. The hydrodynamic diameter of PS-NPs in ultrapure
water is consistent with the (-potential, which indicates that under these conditions, the C-
potential is approximately -68.8 £ 0.66 mV, significantly distant from zero. Consequently, PS-
NPs are stable, and no aggregation takes place. Conversely, when PS-NPs are dispersed in
FSW, the size increases to (852 = 103 nm), indicating that aggregation or agglomeration occurs
due to the high concentration of salts in seawater (Fig. 3.1. B). The (-potential under these
conditions further demonstrates that aggregation or agglomeration is favoured, as the (-

potential is nearly zero (-0.068 = 0.23 mV).
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Figure 3.1. The hydrodynamic diameter of polystyrene nanoplastics (50 nm) in (A) ultrapure water and
(B) seawater over time (minutes).

3.3.2. Condition Index

There were no significant variations in the condition index of M. galloprovincialis
between treatments or exposure times, with values ranging from 37.30 + 2.81 to 42.93 + 1.90

% (p > 0.05) (Table 3.1).
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Table 3.1. Condition index (mean = S.D.) of M. galloprovincialis exposed to PS-NPs at the beginning
and end of the exposure.

Time (day) CT PS-NPs
0 37.30 +£2.81
7 40.67 + 8.16 41.66 +5.54
21 37.22+3.03 42.93+1.90

3.3.3. Genotoxicity

DNA damage was assessed in the haemocytes of unexposed and PS-NP-exposed
mussels by measuring the comet parameter of % tail DNA at the beginning of the experiment
and after 3 and 14 days of exposure (Fig. 3.2). No significant differences were observed during
each exposure period in the haemocytes of unexposed mussels (p > 0.05). However, DNA
damage in mussels exposed to PS-NPs was significantly higher (by fourfold) than in unexposed
mussels on both exposure days (p < 0.05). Examples of comets in mussel haemocytes from
both the control and the PS-NP-exposed groups are documented in Fig. 3.3. The haemocytes
of M. galloprovincialis from controls exhibited a nucleoid core with no DNA migrating into
the tail region at 0, 3, and 14 days, whereas in PS-NP-exposed mussels, the nucleoid core
displayed broken DNA fragments or damaged DNA migrating into the tail region after 3 and
14 days of exposure. Therefore, exposure to PS-NPs leads to genotoxicity in the haemolymph

of the exposed mussels.
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Figure 3.2. (A) Genotoxicity effects of in vivo exposure of polystyrene PS-NPs in the haemolymph of
M. galloprovincialis and (B) examples of comet assay images of unexposed M. galloprovincialis
haemocytes and those exposed to polystyrene PS-NPs. Different upper- and lower-case letters indicate
significant differences between treatments for the same time and between times for the same treatment,
respectively (p<0.05).
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3.3.4. Enzymatic activity

Antioxidant enzyme activities in tissues of unexposed mussels remained unchanged
over time (p > 0.05; Fig. 3.3. A — H), with exceptions noted in CAT (gills, p < 0.05; Fig. 3.3.
C), GPx (gills, p <0.05; Fig. 3.3. E), and GST activities (gills, p <0.05; Fig. 3.3. G).

In the gills, a significant decreasing trend in SOD activity is observed after 3, 7, and 14
days in mussels exposed to PS-NPs, when compared to unexposed mussels (p < 0.05; Fig. 3.3
A). SOD activity in mussels after 14 days of exposure to PS-NPs shows significant differences
when compared to PS-NPs-exposed mussels after 21 days and to unexposed mussels (p < 0.05).
Conversely, in the digestive gland, SOD activity increased after 3 and 7 days in PS-NPs-
exposed mussels (p < 0.05; Fig. 3.3 B), while in PS-NPs-exposed mussels, a significant
decrease at 14 days is evident when compared to unexposed mussels and those exposed for 21
days (p < 0.05).

CAT activity in the gills of mussels exposed to PS-NPs significantly differed from that
of unexposed mussels throughout the exposure period (p < 0.05; Fig. 3.3. C). A decrease in
CAT activity is notable in PS-NPs-exposed mussels after 7 days of the bioassay, and a
significant difference was observed between mussels after 14 days when compared to those at
3 and 21 days of exposure (p < 0.05). In the digestive glands of PS-NPs-exposed mussels, a
general decline in CAT activity was noted until the end of the exposure period, with this
decrease being significant between unexposed and exposed mussels at both 3 and 21 days of
exposure (p <0.05; Fig. 3.3. D). Furthermore, after 14 and 21 days of exposure to PS-NPs, the
digestive glands of the mussels exhibited a significant decrease compared to the beginning of
the exposure (p < 0.05).

In the gills of mussels, GPx activity decreased significantly after 3, 7, and 14 days of
exposure to PS-NPs compared to unexposed mussels (p < 0.05; Fig. 3.3. E). However, no
significant differences were observed among the exposure times for mussels subjected to PS-
NPs. A decrease in GPx activity was also noted in the digestive gland of mussels exposed to
PS-NPs after 3 days, which was significantly different from control mussels at 7, 14, and 21
days of exposure (p < 0.05; Fig. 3.3. E). In terms of exposure time, the GPx activity in mussels
exposed to PS-NPs is significantly different at 7 and 14 days compared to the beginning of the
experiment (p < 0.05).

The activities of the biotransformation enzyme (GST) also decreased in the gills of
mussels exposed to PS-NPs after 3, 7, and 14 days of exposure compared to the unexposed

group (p < 0.05; Fig. 3.3. G). After 14 days of exposure to PS-NPs, the gill activity was
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significantly lower in PS-NP exposed mussels than at both the beginning and the end of the
exposure period (p < 0.05). Conversely, in the digestive glands of PS-NP exposed mussels, no
significant differences were observed compared to the unexposed group (p > 0.05; Fig. 3.3. H).
However, significant differences were noted within the PS-NP exposed mussels at 21 days of
exposure when compared to the start of the experiment (p < 0.05).

Overall, enzymatic activities in gills decreased after 3 days of exposure to PS-NPs,
whereas in the digestive glands, the reduction in enzymatic activity is particularly notable after
7 days of exposure, with exceptions for SOD and GST activities. The duration of exposure to
PS-NPs is critical for mussel gills at 7 and 14 days, whereas in the digestive glands, prolonged
exposure to PS-NPs leads to more adverse effects (14 and 21 days).
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Figure 3.3. Superoxide dismutase (SOD) (A-B), catalase (CAT) (C-D), glutathione peroxidase (GPx)
(E-F) and glutathione-S-transferase (GST) (G-H) activities (mean + std) in the gills and digestive gland
of mussels M. galloprovincialis from controls and exposed to 10 pg/L PS-NPs for 21 days. Different
upper- and lower-case letters indicate significant differences between treatments for the same time and
between times for the same treatments, respectively (p<0.05).
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3.3.5. Oxidative damage

Oxidative damage in both tissues of unexposed mussels remained unchanged
throughout the exposure (p > 0.05; Fig. 3.4 A — B). In the gills of mussels exposed to PS-NPs,
LPO levels increased significantly at 14 days of exposure compared to the control (p < 0.05;
Fig. 3.4 A), with LPO levels in PS-NPs-exposed mussels at 3 days significantly lower than
those recorded after 14 days of exposure (p < 0.05). In the digestive glands, a significant rise
in LPO levels was observed earlier, at 7 days of exposure to PS-NPs, when compared to the
gills (p <0.05; Fig. 3.4 B), and this also showed significant differences from all other exposure
times of both PS-NPs-exposed and unexposed mussels at the same time point (p < 0.05). After
3 days of exposure to PS-NPs, the digestive glands of mussels exhibited lower LPO levels than
those of unexposed mussels (p < 0.05).

Predominately, LPO occurred earlier in the digestive glands of PS-NPs-exposed

mussels than in gills.

Gills Digestive gland

Aab

Aab

ocTt OPS-NPs

Figure 3.4. Lipid Peroxidation (LPO) in gills (A) and digestive gland (B) of mussels M.
galloprovincialis from control and exposed to 10 ug/L PS-NPs for 21 days (mean + std). Different
upper- and lower-case letters indicate significant differences between treatments for the same time and
between times for the same treatments, respectively (p<0.05).

3.3.6. Principal component analysis (PCA)

PCA was applied to all data collected from both tissues (gills and digestive gland) of
mussels in order to describe the impact of PS-NPs on the response of biomarkers (SOD, CAT,
GPx, GST activities, and LPO; Fig. 3.5. A — B). The two principal components account for
82.5% and 83.5% of the total variance in gills (PC1 = 62.9%, PC2 = 19.5%; Fig. 3.5. A) and
digestive glands (PC1 = 59.0%, PC2 = 24.4%; Fig. 3.5. B) of mussels, respectively.
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In mussels, the gills and digestive glands exhibited differing responses to exposure to
PS-NPs; thus, the toxicity of PS-NPs appears to be tissue-specific. This may be attributed to
the ability of these nano-sized plastic particles to penetrate cellular boundaries. In conclusion,
in both tissues, LPO was found to be positively correlated with PS-NP exposure, while the
remaining enzymatic activities (SOD, CAT, GPx, and GST) demonstrated a negative
correlation with PS-NP exposed mussels and a positive association with controls, except for
SOD activity in the digestive gland. Additionally, the PCA results for both tissues indicate that
exposure time also plays a significant role, presenting PS-NP toxicity as chronic (greater than

7 days).

PC 2:19.5%

15

0.5

-0.5

-1.5

Gills Digestive gland
w 2.5
2 4
gn4 psNPsT
1.5
1 4
CAF{J"‘M SOD
“PS-NP{3 0.5 CT0 GSTOE N ?
CT7 [PS:NP
m U B - By, LFO
CAT b 0 | f PS-2PR} f !
< & = <& n
] o PS-NPs14
crum & o5 cT? GPx s
m] o .
SOD PS-NPs7 =
‘ * 41 1
GPxpg Npst1 cT121
.15 4
GST pp Lfo ,
cr3 »
5] o 2.5 S
PS-NPs14 - PS-NPs21
- 3 .

-3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3

PC 1: 62.9% PC 1: 59.0%

Figure 3.5. Principal component analysis (PCA) of a battery of biomarkers (SOD, CAT, GPx, GST
activities and LPO) in gills and digestive glands of mussels M. galloprovincialis from controls (CT)
exposed to PS-NPs for 21 days (p < 0.05).

3.3.7. Integrated Biomarker Response
The Integrated Biomarker Response (version 2) (IBR) was calculated for the gill and
digestive gland biomarker data from all exposure times to PS-NPs. Graphical representations
of the IBR and star plots for both mussel tissues are shown in Figure 6. The IBR pattern was
dependent on tissue type and exposure duration. No significant differences were observed in
the digestive gland (p > 0.05) (Fig. 3.6.A), although a linear increase was noted. In the gills,
significant differences in exposure times were observed. The IBR value in the gills after 14

days of exposure to PS-NPs is significantly higher compared to other sampling days (p < 0.05)
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(Fig. 3.6.A). The IBR value for the gills after 3 days of exposure is significantly lower than at
other exposure times (p < 0.05) (Fig. 3.6.A). No significant differences were found between 7
days and 21 days of exposure in mussel gills (p > 0.05) (Fig. 3.6.A). Star plots indicated that
changes in biomarkers were also dependent on tissue type and exposure duration (Fig. 3.6.B).
The IBR plot reveals that the seven™ day of exposure was critical for the digestive glands of
mussels, making LPO the primary contributor to the overall IBR score. For the gills, the 14®
day is the most significant, with SOD and GST, followed by CAT and LPO, all contributing to

the overall calculated IBR score.
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Figure 3.6. (A) Integrated biomarker response index version 2 (IBR) (mean + S.D) and (B) star plots
of the gills and digestive glands of M. galloprovincialis exposed to polystyrene nanoplastics for 21
days. Lowercase letters indicate significant differences between exposure times (p < 0.05).
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3.4.Discussion

Plastic pollution in the marine environment, particularly at the nanoscale, is a
significant concern, and the toxicity of these particles in bivalves is deeply troubling. Data has
shown that PS-NPs are recognised and consumed by these filter feeders as a low-nutritional
food source, compromising the integrity of the bivalve immune system and impairing
fertilisation and the development of embryo-larvae (Wegner et al., 2012; Canesi et al., 2015;
Balbi et al., 2017; Brandts et al., 2018; Gonzalez-Fernandez et al., 2018; Tallec et al., 2018;
Rist et al., 2019; Auguste et al., 2020; Baudrimont et al., 2020; Cole et al., 2020; Li et al., 2020;
Sendra et al., 2020a,b; Capolupo et al., 2021). In light of this, this study aimed to assess the
effects of genotoxicity, antioxidant responses, and oxidative damage following chronic
exposure to PS-NPs in the Mediterranean mussel M. galloprovincialis.

Results demonstrate that PS-NPs at a low concentration (10 ug/L), when compared to
other studies evaluating the effects of PS-NPs on mussels (Brandts et al., 2018; Auclair et al.,
2020; Capolupo et al., 2021), significantly affect both the gills and the digestive gland of M.
galloprovincialis, with PS-NPs mediated toxicity found to be tissue-specific and time-
dependent.

In terms of PS-NP characterisation, FSW aggregation/agglomeration was preferred,
possibly due to the high salt concentrations. This is supported by an increased hydrodynamic
diameter and zeta potential, which is close to zero. Natural organic matter (NOM), inorganic
colloids, and ultraviolet (UV) radiation are recognised as factors that modify the nano-specific
properties, structure, cohesion, and aggregation of particles (Andrady, 2011; Oriekhova &
Stoll, 2018; Shen et al., 2019). Therefore, the characterisation of PS-NPs indicates that their
behaviour under FSW conditions differs markedly from that in ultrapure water, consequently
leading to greater aggregation/agglomeration kinetics of PS-NPs. Additionally, compared to
polystyrene microplastics (PS-MPs; 20 um), the zeta potential in seawater (SW) significantly
differs from that of PS-NPs (50 nm). Ribeiro et al. (2017) noted a zeta potential value of -12.4
+2.36 mV for PS-MPs (20 um). In contrast, PS-NPs exhibit values that are nearly zero (-0.068
+ 0.23 mV), indicating a higher propensity for aggregation/agglomeration than PS-MPs.
Although the initial size of the plastic particles was unknown, El Hadri and colleagues (2020)
demonstrated that for PS-NPs, the zeta potential was -44 =2 mV (at 25°C, pH = 6.7 + 0.3),
with a size distribution of 306 + 15 nm. Comparatively, PE and PE+PP at the nanoscale
displayed zeta potentials of -36 + 3 and -30 = 2 mV, along with size distributions of 129 + 7
and 460 £ 23 nm, respectively (El Hadri et al., 2020). Moreover, Sendra et al. (2020b) observed
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differences in the behaviour of NP particles (50 and 100 nm), with and without fluorescence,
across different media. In this study, the zeta potential was negative in all media, with the
differences between fluorescent and non-fluorescent PS-NPs (50 nm) showing non-fluorescent
particles possessing zeta potential values closer to zero in FSW. Conversely, in ultrapure water,
the opposite trend was noted (Sendra et al., 2020b). The 50 nm NP evaluated in Sendra et al.
(2020b) aligns with the present data, where the fluorescent dye has been incorporated
internally, as this dye is highly hydrophobic and remains trapped within the particle in aqueous
environments (Polyscience Inc., 2018). Nonetheless, minor differences in particle zeta
potential were observed between fluorescent PS-NPs and PS-NPs without fluorescence in FSW
(-24.8 and -13.3 mV, respectively) (Sendra et al., 2020b). Thus, it is essential to consider the
chemical composition and size of each nanoparticle, as well as their interactions with NOM,
inorganic colloids, UV radiation, salinity, pH, and Oz levels within SW.

The antioxidant defence system of mussels exposed to PS-NPs exhibited alterations,
showing time-dependent and tissue-specific toxicity. A continuous increase in antioxidant
enzyme activity may demand energy that could detract from energy allocated to growth and
reproduction (Trestrail et al., 2020).

The antioxidant defence system, regulated by the enzymes studied here, aids in
minimising the effects of ROS within the cell. However, when ROS is overproduced, the
antioxidant defence system can be overwhelmed and not counteract the effects, leaving
mussels’ innate immune system compromised and leading to oxidative damage. This is
observed in the gills, where the first line of defence, SOD, was unable to counteract ROS
production mediated by PS-NPs exposure. On the other hand, in the digestive gland, the
increase in SOD activity suggests that superoxide radicals generated by PS-NPs exposure were
counteracted in this tissue. As filter-feeding organisms, mussel’s gills are a primary route for
mussels to uptake xenobiotics (Jorgensen, 1996), and this observation can be a consequence of
this factor. On the contrary, in mussels, M. edulis (PS-NPs - 50 nm; 500 pg/L; 24h) (Cole et
al., 2020) and Mytilus spp. (polyethylene (PE) and polypropylene (PP) microplastics - < 400
pm; 10 — 100 pg/L; 10 days) (Revel et al., 2019) and in the clam Scrobicularia plana (PS
microplastics - 20 um; 1000 pg/L; 14 days) (Ribeiro et al., 2017), SOD activity increased in
both tissues, wherein Cole et al. (2020) SOD activity in the digestive gland returned to control
values after 7 days of exposure to PS-NPs. A similar pattern was observed in this study. This
was also observed in the digestive gland of M. coruscus after exposure to PS microspheres (2
um; 10, 10* and 10° particles/L; 14 days) (Wang et al., 2020). Alternatively, after exposure to
PS-NPs (70 nm; 3.64 X 103 particles/L; 14 days), no significant changes were observed in
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SOD activity in the digestive gland of M. coruscus (Wang et al., 2021). Therefore, while SOD
acts as the first line of defence against ROS associated with PS-NPs toxicity in the digestive
gland, it becomes overwhelmed in the gills.

Comparatively, CAT activity was also overwhelmed in both tissues of M.
galloprovincialis, where the inhibition observed represents the incapability to eliminate
hydrogen peroxide generated due to PS-NP exposure. Conversely, data from other species
revealed either no alterations or an increase in CAT activity. In M. coruscus (PS-NPs; 70 nm;
3.64 x 103 particles/L; 14 days), no significant changes were observed in the digestive gland
(Wang et al., 2021), and Ribeiro et al. (2017) found similar results in the clam S. plana after
exposure to microplastics (PS; 20 um; 1000 pg/L; 14 days). Meanwhile, PS microspheres (2
pum; 10, 10% and 10° particles/L; 7 days) and polyethylene (PE) and polypropylene (PP)
microplastics (< 400 um; 10 days) led to an increase in CAT activity in M. coruscus (Wang et
al., 2020) and in the gills and digestive gland of Mytilus spp. (Revel et al., 2019). These
comparisons substantiate the differences in the toxicity of nano and micro-sized plastic
particles, suggesting that smaller plastic particle sizes are more toxic to bivalves. Additionally,
the concentrations employed may play a significant role in the toxicity that plastic particles
exert on bivalves, as higher concentrations increase the likelihood of
aggregation/agglomeration within seawater, resulting in larger aggregate sizes and potentially
decreasing the capacity of these aggregates to be ingested by the organisms.

GPx activity is particularly susceptible to the early onset of the pro-oxidant crisis, even
at low levels of environmental disruption (Regoli & Giuliani, 2014). In the current data, GPx
activity was unable to manage the excess hydrogen peroxide induced by PS-NP-mediated
toxicity, which was evident in both tissues. The inhibition of GPx activity occurs after 3 days
of exposure, with the lowest activity observed at 7 and 14 days. Interestingly, a slight increase
in GPx activity is notable in both tissues after 21 days, suggesting a potential adaptive response.
Studies evaluating the effects of plastic particles in bivalves have reported either no significant
alterations in either tissue of M. edulis (PS microspheres; 2 um; 10, 10* and 10 particles/L; 7
days) (Wang et al., 2020), or an increase in GPx activity before 3 days of exposure to PS
microplastics (20 pm; 1000 pg/L; 14 days) in both the gills and digestive glands of the clam S.
plana (Ribeiro et al., 2017).

In comparison, PS-NP exposure leads to an overproduction of ROS, which exceeds
GPx’s capacity to catalyse the reaction, converting hydrogen peroxide into water. As a result,
mussel tissues struggle to cope with the detrimental effects of this stressor. However, before

the 21-day mark, the activation of an adaptive response may account for the slight increase
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observed. Wegner et al. (2012) demonstrate that these filter-feeding organisms recognise and
ingest plastic nanoparticles as a low-nutritional food source. Given this, an adaptive response
of the mussel to PS-NP toxicity may involve the upregulation of autophagy, typically associated
with nutrient scarcity and other stressors (Moore et al., 2006). Autophagy serves to sequester
and recycle oxidatively damaged proteins and organelles, providing a selective advantage for
cellular survival (Moore et al., 2006). The adaptive response noted in the gills for all enzymatic
activities assessed and in the digestive gland for GPx activity after 21 days of exposure to PS-
NPs suggests that mechanisms such as autophagy can facilitate the recovery of the mussels’
tissues.

The biotransformation enzyme GST promotes the binding of glutathione and mercapto-
transferase to form glutathione peroxidase, effectively degrading hydrogen peroxide (Yu et al.,
2018). Following an observed inhibition in GPx activity, it is anticipated that GST will
intervene to protect the organism from ROS generated after PS-NP exposure, although this is
not the case here. GST activity in the gills exhibited a similar pattern to the other enzymes
assessed, whereas GST activity remained at control values in the digestive gland. Conversely,
GST activity increased in the gills of S. plana and decreased in the digestive gland following
PS microplastic exposure (20 um; 1000 ug/L; 14 days) (Ribeiro et al., 2017). Nevertheless,
this underscores the importance of evaluating plastic particles at the nanoscale, as their
behaviour and mediated toxicity differ from larger-sized particles. Another reason for these
differences may be attributed to the fact that mussels preferentially ingest smaller particles
(Wang et al., 2021).

Furthermore, the ingestion of these PS-NPs was found to be favourable in the digestive
tract; however, over time, particles translocate to the mantle, as the gills are not typical tissues
for accumulation (Wang et al., 2021). Thus, through filter-feeding habits, PS-NPs enter the gills
and translocate to the digestive tract of the mussel, thereby explaining the tissue-dependent and
time-dependent toxicity observed. Overall, in both tissues, the results suggest that these
enzymes are unable to counteract the negative effects of this stressor, leading to oxidative
damage, as confirmed by the results of LPO.

When the antioxidant defence system is overwhelmed, membrane lipids are not
salvaged from attacks by residual reactive oxygen species (ROS), leading to lipid peroxidation
(LPO). Oxidative damage occurred in both tissues of the marine mussel M. galloprovincialis,
with the highest significant levels of LPO recorded in the gills and the digestive gland at
different times of exposure. PS-NPs induce oxidative stress following exposure to 0.05 mg/L

of PS-NPs with an attached amide group (100 £ 6.9 nm; 96 h) in M. galloprovincialis, where
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LPO levels increased significantly in the digestive gland, although no significant changes were
found in the gills (Brandts et al., 2018). Wang et al. (2021) demonstrated that LPO was induced
in the digestive glands of M. coruscus after exposure to PS-NPs (70 nm3.64 X 103
particles/L; 14 days). In the gills and digestive glands of M. edulis exposed to 500 png/L of PS-
NPs (50 nm; 24 h and 7 days), no significant differences in oxidative damage were observed,
except for an initial decrease noted in the gills after 24 h of exposure, with no subsequent LPO
occurring (Cole et al., 2020). In the clam S. plana, after exposure to PS microplastics (20 um;
1000 pg/L; 14 days), LPO levels decreased in the gills, and a tendency for increase was
observed in the digestive gland at 7 days of exposure, though not significant (Ribeiro et al.,
2017).

Furthermore, no signs of LPO were observed in Mytilus spp. before 7 days of exposure
to PS microplastics (2 and 6 um; 2000 microbeads mL! day!; 7 days), although a significant
increase in ROS was found in the haemocytes of the mussels' digestive gland (Paul-Pont et al.,
2016). Our results contradict previous studies, as the gills and digestive glands exhibit
oxidative damage, opposing the suggestion made by Li et al. (2020) that the gills of M.
galloprovincialis do not display a greater antioxidant capacity compared to the digestive gland.
Therefore, the LPO results indicate that the production of ROS overwhelmed the effectiveness
of the antioxidant enzymes in the cells of the gills and digestive glands to maintain redox
balance, leading to oxidative damage of membrane lipids. The PCA and IBR results (Figures
5 - 6) further confirm that both mussel tissues are vulnerable to changes in their antioxidant
defence mechanisms following exposure to PS-NPs, with the gills being primarily affected by
the presence of PS-NPs throughout the exposure period. IBR shows that the critical exposure
duration for the gills is 14 days, as evidenced by the lowest enzymatic activities and highest
oxidative damage observed at this time. The PCA also supports the findings of IBR. Moreover,
the results for the digestive glands align with both the PCA and IBR, as 7 days represents the
most critical exposure time to PS-NPs, further validated by the oxidative damage noted at this
juncture.

In unexposed mussels, cells exhibited an average DNA fragmentation of 5.26%, which
falls well within the normal levels for Mytilus (Mitchelmore et al., 1998). The findings
indicated that polystyrene PS-NPs are genotoxic to the immune system of mussels, as DNA
damage increased after three exposures and remained at similar levels for up to 14 days (Figure
2). Consequently, the DNA damage observed in the haemolymph of mussels is independent of
exposure duration. However, this requires confirmation with a longer exposure period. This

genotoxic damage may result from physical interactions between cell nuclei and PS-NPs, as
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well as the production of a high concentration of reactive oxygen species (ROS). Nevertheless,
the underlying mechanism has yet to be established. The integrity of DNA in M.
galloprovincialis declined, evidenced by increased DNA damage after a 96-hour exposure to
PS-NPs (106 = 10 nm; 0.05 — 50 mg/L) (Brandts et al., 2018).

Similarly, in vivo acute toxicity exposure (96-h; 50 nm; 10 pg/L) of PS-NPs with an
amide group attached adversely affects the immune defence capacity of M. galloprovincialis
(Auguste et al., 2020). After exposure to microplastic, microfibre, and NP, Cole et al. (2020)
noted that in M. edulis, exposed to similar-sized PS-NPs, a higher concentration and shorter
duration (50 nm; 24-h and 7-d; 500 pg/L) resulted in no significant DNA damage. In the study
by Cole et al. (2020), PS-NPs exposed mussels exhibited 3% DNA damage, whereas this study
observed 21.4% DNA damage. Comparing the concentrations used in Cole et al. (2020) to
those in this study, there are more available NP particles at 500 pg/L than at 10 pg/L, which in
turn form larger aggregates, thereby reducing the likelihood of physical interactions between
cell nuclei and NP particles as they are unlikely to span cellular boundaries due to their size.
Furthermore, although no significant changes in DNA damage were detected, a significant
increase in the number of micronuclei per one thousand cells was found with regard to exposure
duration (Cole et al., 2020). Thus, an increase in micronuclei formation and a decrease in
haemocyte cells circulating in the haemolymph may be potential genotoxic consequences of
NP exposure. Results indicate that the DNA integrity of mussels is compromised following
both acute and chronic exposure to PS-NPs, potentially due to the inadequacy of the mussel’s
antioxidant defence mechanisms to mitigate any ROS generated by exposure to PS-NPs,
leaving excess ROS to attack the DNA bases through oxidation of the molecules, thereby
causing oxidative damage. The percentage of tail DNA observed (Figure 2) may be attributed
to the relentless assaults of free radicals formed, rendering DNA non-viable and disrupting the
flow of information, thus undermining the mussel’s immune system.

Furthermore, the immediate translocation of PS-NPs in haemocytes was confirmed, as
well as the primary uptake route in M. galloprovincialis (PS-NPs; 50 nm; 10 mg/L; 3h) (Sendra
et al., 2020b). This internalisation of PS-NPs in haemocyte cells also prompted changes in the
immune response of mussels (Sendra et al., 2020b). Although the parameters analysed by
Auguste et al. (2020) differ from those examined here, PS-NPs resulted in an increase in
extracellular ROS production. Consequently, they may have contributed to the oxidative stress
and DNA damage observed in the current results. Enhanced oxyradical generation through the
interaction of NP particles with cellular boundaries may be a primary effect of genotoxicity;

however, further investigation is required to achieve a deeper understanding. Regarding the
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characterisation of NP particles in the marine environment, the results suggest that the lower
the concentration, the lesser the formation of aggregates, thus increasing the likelihood of
crossing cellular boundaries and, in turn, augmenting genotoxicity and oxidative damage to
these particles.

It is understood that PS-NPs enter the internal structure of mussels through ingestion
during feeding processes and are predominantly sorted in the gills. In contrast, larger PS-NPs
and aggregates are redirected to the digestive gland, where they accumulate and/or partially
translocate to the haemolymph, subsequently distributing to other tissues (Faggio et al., 2018;
Sendra et al., 2020b). Moreover, the uptake of PS-NPs can disrupt the internal organisation of
cells, interfering with the enzymatic activity involved in energy metabolism (Auclair et al.,
2020). In conclusion, it can be hypothesised that after PS-NPs reach the digestive gland cells
and induce lipid peroxidation following a week of exposure, PS-NPs are redistributed via the
haemolymph to other tissues, such as the gills, overwhelming any possible defence managed
by antioxidant enzymes and resulting in the oxidative damage observed after two weeks of

exposure, which may also explain the genotoxicity detected in the haemolymph of mussels.

3.5.Conclusion

The present study provides evidence that PS-NP toxicity is tissue-specific and time-
dependent. The abiotic and biotic characteristics of seawater result in an increased
hydrodynamic diameter and aggregation of polystyrene nanoplastics. In M. galloprovincialis,
10 pg/L of 50 nm polystyrene PS-NPs induced genotoxicity, overwhelmed antioxidant
defences, and caused oxidative damage to both tissues. The inhibition and induction of
antioxidant defences may stem from reactive oxygen species generated by NP toxicity, which
may be linked to the ingestion, translocation, and accumulation of nanoplastics. In the gills of
mussels, an adaptive response appears to trigger the activation of repair mechanisms, such as
autophagy, although further studies are needed to fully understand this activation. Moving
forward, it is crucial to deepen our understanding of the behaviour and toxicity of PS-NPs
towards marine biota and their mode of action, as particle interactions vary significantly
compared to ultrapure water. Additionally, further analysis of extended exposure periods is

vital to understanding how mussels react to nanoplastic exposure beyond 21 days.
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CHAPTER1V

Assessing the effects of the cytostatic drug 5-
Fluorouracil alone and in a mixture of emerging

contaminants on the mussel Mytilus galloprovincialis
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Abstract

The assessment of contaminants of emerging concern, both individually and in
mixtures, and their effects on marine biota requires attention. 5-Fluorouracil is a category 3
cytostatic anti-cancer medication (IARC) used to treat various cancers, including colon,
pancreatic, and breast cancer. In the presence of other pollutants, this pharmaceutical can
interact and form mixtures of contaminants, such as adhering to plastics and interacting with
metal nanoparticles. This study aimed to comprehend the effects of 5-Fluorouracil (5-FU; 10
ng/L) and a mixture of emerging contaminants (Mix): silver nanoparticles (nAg; 20 nm; 10
pg/L), polystyrene nanoparticles (PS-NPs; 50 nm; 10 pg/L), and 5-FU (10 ng/L), in an in
vivo (21 days) exposure of the mussel Mytilus galloprovincialis. A multi-biomarker approach,
including genotoxicity, the antioxidant defence system (superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidases (GPx), glutathione S-transferases (GST) activities), and
oxidative damage (LPO), was employed to assess the effects in the gills and digestive gland of
mussels. Both treatments caused genotoxicity in the mussel’s haemolymph, and antagonism
between contaminants was observed in the Mix. The observed genotoxicity confirms 5-FU’s
mode of action (MoA) by causing DNA damage. The antioxidant defence system of mussels
exposed to 5-FU activated, countering the reactive oxygen species (ROS) generated during the
exposure, though this was not observed in mussels exposed to the mixture. Mussels could
withstand the effects of the single compound but not those of the Mix. Regarding oxidative
stress and damage, the interactions of the components of the mixture demonstrated a synergistic

effect.
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4.1. Introduction
5-Fluorouracil (5-FU), a cytostatic agent (IARC Class 3), is among the most frequently
prescribed cancer drugs for the treatment of solid tumours, as well as colorectal, pancreatic,
and breast cancer (Mahnik et al., 2007). 5-FU is a pyrimidine analogue of uracil, distinguished
by a fluorine atom substituted for hydrogen at the C-5 position (Vermorken et al., 2007). Its
primary mode of action (MoA) in mammals involves the misincorporation of its fluoro-
nucleotides into DNA (Matuo et al., 2009) and the release of cytochrome ¢ from the
mitochondria, which promotes the formation of reactive oxygen species (ROS), ultimately
leading to the generation of superoxide radicals and oxidative stress (Cairns et al., 2011). 5-FU
enters the cell via active transport through the uracil transport system. Three metabolites are
formed: 1 — Fluorodeoxyuridine monophosphate (FAUMP), which suppresses the function of
thymidylate synthase, thereby inhibiting the production of deoxythymidine monophosphate
(dTMP); 2 — Fluorodeoxyuridine triphosphate (FAUTP), which can directly induce DNA
damage; and 3 — Fluorouridine triphosphate (FUTP), which can integrate into RNA instead of
uridine triphosphate (UTP), leading to RNA damage (Ghafouri-Fard et al., 2021). While this is
the case for mammalian cells, the MoA of 5-FU remains unknown in invertebrates, such as
mussels.
Pharmaceuticals are a significant group of contaminants of emerging concern
(CECs), yet cytostatic drugs have received insufficient attention. The number of patients
undergoing chemotherapy treatments involving cytostatic drugs, whether in hospitals or at
home, is troubling, as these agents rarely fully metabolise and are eventually discharged into
the water either unaltered or modified (Trombini et al., 2016). Furthermore, wastewater
treatment plants (WWTPs) lack the necessary processes to effectively remove or break down
pharmaceuticals. Additionally, other sources such as surface runoff and aquaculture also
contribute to these contaminants entering rivers and the ocean, leaving aquatic life constantly
exposed to them (Thiagarajan et al., 2021). Cytostatic drugs are not effectively eliminated and
are highly persistent in WWTPs (Biirge et al., 2006; Mahnik et al., 2007). Moreover, this class
of pharmaceuticals is recognised for having cytotoxic, genotoxic, mutagenic, and carcinogenic
effects on non-target organisms (Kiimmerer & Henninger, 2003). In the marine environment,
the effects of 5-FU remain largely unknown; however, for instance, in freshwater systems, 5-
FU has been demonstrated to cause acute toxicity and hinder the growth of the green
microalgae, Scenedesmus vacuolatus (5.87 to 187.7 mg/L; 72h) (Asad et al., 2012), and to
induce DNA damage in the aquatic oligochaete Limnodrilus udekemianus at environmentally

relevant concentrations (0.004 uM; 96 h) (Kracun-Kolarevi¢ et al., 2015). Therefore, the
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widespread use of the not readily biodegradable 5-FU (Kummerer & Al-Ahmad, 1997) and its
effects on non-target marine organisms should be thoroughly investigated, as the physical-
chemical parameters of the marine environment may influence the behaviour of 5-FU and its
metabolites.

In European waters, concentrations of 5-FU have been estimated to fall within the range
between 0.3ng/L to 2.5ng/L (Heath & Isidori, 2020) , while in the Taipei region,
concentrations of 6.2 ng/L were detected, with levels reaching a maximum of 160 ng/L in the
Gaoping River (Lin et al., 2014). 5-FU appears to be quite persistent in the water and likely
remains in the sediments (Besse et al., 2012). Mahnik et al. (2007) proposed a strategy for
removing this pharmaceutical through membrane reactor systems and demonstrated that 24
hours can almost completely eradicate 5-FU due to biotransformation. However, according to
Li et al. (2021), mixtures of anticancer medications seem to have additive effects in marine
species, or possibly even synergistic effects. Precautionary mitigation measures should be
implemented to prevent the increasing and continuous discharge of these toxic residues into
the marine environment, and some promising treatment technologies have already been
identified (Zhang et al., 2013).

Pharmaceuticals are not the only emerging contaminants entering the ocean.
Contaminants within the nano-sized range are also increasing, including nanomaterials and
nanoplastics. Attention is rapidly turning towards the mixtures of CECs within the scientific
community, focusing on how and if they interact and whether they will have more severe toxic
effects on non-target marine organisms. CECs are defined as a range of chemical compounds,
whether anthropogenic or naturally occurring, that are not routinely monitored in the marine
environment. They are classified based on their persistence in the marine environment as well
as their harmfulness and ecotoxicological effects. Pharmaceuticals are known as “classical”
CECs, and although microplastics and nanoplastics are not yet included in this list,
nanomaterials and nanoparticles have been added (EPA, 2008; Gatz, 2021). Despite this, CECs
have the potential to reach and damage ecosystems, resulting in adverse effects on humans
and/or ecology (Nawaz & Sengupta, 2019). Their fate in the marine environment is influenced
by both land-based and ocean-based sources, such as waste mismanagement, accidents (i.e.,
spills), antifouling agents, and fishing gear. As previously mentioned, effluents and WTTP are
the primary sources of CECs from pharmaceuticals. Not only do pharmaceuticals inevitably
end up in the ocean, but products such as plastics, metals, and industrial effluents (Holmes et

al., 2012) also accumulate in the marine environment, creating mixtures of compounds that
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may be toxic. The concern regarding these mixtures is growing, and there is a pressing need to
enhance our understanding of how they behave.

There has been a rapid increase in the applications of nanoparticles and nanomaterials
(1 — 100 nm), with silver nanoparticles (nAg) accounting for more than 50% of global
nanomaterial consumer products (Pulit-Prociak & Banach, 2016). nAg is frequently used in
personal care products, antimicrobial coatings, photonic devices, and the textile industry
(Maillard & Hartemann, 2013; Lee & Jun, 2019; Pereira et al., 2020), and a significant amount
of nAg in the environment originates from its release from consumer products. Once released
into sewer systems, nAg subsequently enters wastewater treatment plants (WWTP) and
ultimately reaches the aquatic environment, where it poses a serious environmental risk due to
the potential toxicity of these nanoparticles (Wang et al., 2018; Vilela et al., 2018). The mode
of action (MoA) of nAg is known to damage cell membranes and directly generate reactive
oxygen species (ROS), either by the nanoparticles themselves or through the release of Ag*
ions, creating a “trojan horse” effect (Ghobashy et al., 2021). In marine organisms, nAg has
been shown to promote oxidative stress responses by impairing the capacity of the antioxidant
enzyme defence system (Gomes et al., 2014; Walters et al., 2016; Bouallegui et al., 2017).
However, the effects of nAg on marine organisms in a “cocktail” of emerging contaminants
remain unclear.

Moreover, plastic pollution is a significant and ongoing issue that the scientific
community has committed to understanding its potential toxicity. From macro- to
microplastics, numerous studies have assessed their effects on the marine environment (Lu et
al., 2016; Ribeiro et al., 2017; Calderon et al., 2019; Vasanthi et al., 2021), yet one class of
plastics not fully understood is nanoplastics. Nanoplastics arise from the degradation of macro-
and microplastics (primary nanoplastics) and range from 1 to 100 nm in size (Gigault et al.,
2018); they also enter the marine environment in their manufactured nano-sized form
(secondary nanoplastics) (Andrady, 2011; Cole et al., 2011; Bessa et al., 2018; Tamminga et
al., 2018). During the synthesis of nano-sized plastics, changes occur in the physical-chemical
characteristics of the plastic particles, with their surface area, size, intensity, conductivity, and
reactivity differing significantly from those of macro- and micro-sized particles (Klaine et al.,
2012; Mattsson et al., 2015, 2018). A major concern regarding nanoplastics is that their size
allows these particles to pass through cellular boundaries, underscoring the importance of
understanding this size class of plastics, given that biological reactivity increases with
decreasing size (Mattsson et al., 2018; Ferreira et al., 2019; Peng et al., 2020). Furthermore,

plastics may serve as vectors for other contaminants present in the aquatic environment through
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sorption mechanisms, which vary depending on the type of plastic polymer, highlighting the
need to investigate these processes (Thiagarajan et al., 2021). Despite the challenges in
quantifying nanoplastics in the marine environment, examples of nanoscale plastic polymers
include polyvinyl chloride (PVC), polyethylene terephthalate (PET), polyethylene (PE), and
polystyrene (PS), which have been found in the nanoplastic segment of the subtropical North
Atlantic gyre (Ter Halle et al., 2017). Additionally, just five minutes of mechanical abrasion
simulating coastal activity on a PS cup and lid resulted in the formation of plastic in the nano-
range (Ekvall et al., 2019). PS is the fourth most commonly used plastic polymer worldwide
(PlasticsEurope, 2021), and extensive data is available regarding their effects on marine
organisms such as bivalves (Tallec et al., 2018; Cole et al., 2020; Sendra et al., 2021) and fish
(Mattsson et al., 2015; Bessa et al., 2018; Maaghloud et al., 2021), while limited information
exists about the effects of nanoplastics in their virgin form (Gongalves & Bebianno, 2021;
Chapter 1). M. galloprovincialis exposed to PS nanoplastic (PS-NPs) at a concentration of 10
png/L (PS-NPs; 50 nm; 21-d) exhibited inhibition of the antioxidant defence system, leading to
oxidative damage, particularly affecting the mussel gills, and causing genotoxicity in the
mussel haemolymph (Gongalves et al., 2022; Chapter 3). In comparison to PS microplastics
(PS-MPs), exposure to PS-NPs in M. galloprovincialis (50 nm; 1.5 — 150 ng/L; 21-d) resulted
in more pronounced effects on lysosomal indicators of general stress, indicating a related
pattern of increased antioxidant activity in the mussel gills (Capolupo et al., 2021).

It is crucial to understand how these CECs affect marine organisms individually to
comprehend their potential interactions as a mixture. For instance, if an organism
simultaneously ingests more than one contaminant, various interaction possibilities may arise;
the combination might lead to the toxic effect of one contaminant being added to that of another
(additive or non-interaction), or the harmful effects of the combination may be significantly
less than those of a single contaminant (antagonism), or the hazardous effects of the
combination might be considerably greater than those of the individual compounds (synergism)
(Stenersen, 2004). It is known that pharmaceuticals and nanomaterials interact with micro- and
nanoplastics through adsorption, and the interaction between plastics and other CECs can cause
substantial changes to surface properties, as well as influence the uptake and accumulation in
exposed organisms (Zhou et al., 2021). Although the method of interaction for pharmaceuticals
has been addressed, there is limited data available on the interaction of nanomaterials such as
metals (Holmes et al., 2012, 2014; Thiagarajan et al., 2021). For these, two methods of sorption
can be observed: a period of rapid sorption followed by a tendency towards equilibrium, or a

more prolonged phase of gradual sorption (Holmes et al., 2012). Therefore, the presence of
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CECs and their effects is significant in investigating the safety of seafood consumers.
Consequently, this study aimed to evaluate the effects of 5-FU (10 ng/L) both alone and in a
mixture with silver nanoparticles (nAg; 10 pg/L; 20 nm) and polystyrene nanoplastics (PS-
NPs; 10 pg/L; 50 nm) on the marine mussel Mytilus galloprovincialis during a 21-day in vivo
exposure. A multi-biomarker approach was employed to assess genotoxicity, oxidative stress,

and oxidative damage.

4.2. Materials and methods
4.2.1. Experimental Design

Mussels Mytilus galloprovincialis Lamarck, with an average shell size of 50 mm £+ 5 mm,
were collected from the Ria Formosa Lagoon in Southeast Portugal (37°00'30.6"N 7°59'39.6"
W) and transported to the laboratory. After an acclimatisation period of four days, 20 mussels
were placed in duplicate designs within 15 L tanks containing 10 L of seawater. The mussels
were contaminated with 10 ng/L of 5-FU and a corresponding mixture comprising 10 ng/L of
5-FU, 10 pg/L of nAg, and 10 pg/L of PS-NPs. They were exposed to these treatments for a
duration of 21 days, with re-dosing of contaminants and seawater exchanges conducted every
two days. Mortality was noted in mussels exposed to 5-FU, with six mussels dead by day 3 and
two by day 10 of exposure. Mussels were collected on days 0, 3, 7, 14, and 21 for multi-
biomarker analysis. They were weighed, and their gills and digestive glands were dissected,

quickly frozen in liquid nitrogen, and stored at -80°C until further analysis.
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4.2.2. Condition Index

The condition index (CI) was employed to assess the physiological status of mussels (5
per treatment and exposure period) at the beginning (day 0), as well as at 7 and 21 days
following exposure. The percentage of the ratio between the total mussel weight (including
tissue and shell) (g) and the wet weight (g) of the soft tissues was utilised to determine the CI
(Gomes et al., 2013).

4.2.3. Genotoxicity assay

The alkaline comet test was used to measure DNA damage as developed by Singh et al.
(1988) and Gomes et al. (2013). Haemolymph from mussels was collected using a sterile
hypodermic syringe (1 mL) with a 25 G needle, retrieved from the posterior adductor muscle
of five mussels after 0, 3, and 14 days of exposure to 5-FU and Mix, alongside five unexposed
mussels. A 100 uL sub-sample from each experimental condition was stained with 100 puL of
trypan blue to assess cell viability, and the percentage of living cells was calculated by
counting 100 randomly selected cells.

For the comet assay, microscopic slides were cleaned with ethanol/ether (1:1) and
coated with 0.65% normal melting point agarose (NMA) in Tris-acetate EDTA for DNA
damage assessment. Mussel haemolymph cells were then centrifuged at 3000 rpm for 3 minutes
(4°C) to extract cells, which were subsequently suspended in 0.65% low melting point agarose
(LMA, in Kenny's salt solution) and cast onto the microscopic slides. Slides containing
embedded cells were then immersed in a lysis solution (2.5 M NaOH, 100 mM EDTA, 10 mM
Tris, 1% Triton X-100, 10% dimethyl sulfoxide, 1% sarcosine, pH 10, 4°C) for 1 hour to allow
cellular components to diffuse into the agarose and the DNA to be immobilised. Following the
lysis step, the slides were gently placed in electrophoresis buffer (300 mM NaOH, 1 mM
EDTA, adjusted pH 13, 4°C) and set aside for 15 minutes. Electrophoresis was then conducted
for 5 minutes at 25 V and 300 mA. The slides were removed and immersed in a neutralising
solution (0.4 mM Tris, pH 7.5) before being washed with bi-distilled water and allowed to dry
overnight. The presence of comets was determined using an optical fluorescence microscope
(Axiovert S100) attached to a camera (Sony) after the slides were stained with 4,6-diamidino-
2-phenylindole (DAPI, 1 g/mL). Following assessing the proportion of DNA in the tail, the
Komet 5.5 image analysis system was employed to score 50 randomly selected cells for each
slide (200 cells assessed per group) at a total magnification of 400. The results are presented

as the mean and standard deviation.
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4.2.4. Tissue preparation and analysis of enzymatic activities

Individual mussel gills and digestive glands were homogenised in 5 mL of 20 mM Tris-
Sucrose buffer (0.5 M Sucrose, 0.075 M KCI, 1 mM DTT, 1 mM EDTA, pH 7.6) in an ice bath
for 2 minutes, as described by Geret et al. (2002). The cytosolic fraction was obtained after
centrifuging the homogenates (500 g, 15 minutes, 4°C), and the supernatant was re-centrifuged
(12,000 g, 45 minutes, 4°C). The activities of antioxidant enzymes (superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidases (GPx)) and the biotransformation enzyme
(glutathione-S-transferases (GST)) were determined using aliquots (150 pL) of the cytosolic
fraction.

In addition, total protein concentrations were determined using Bradford's (1976)
method. These concentrations (mg protein g! tissue) were calculated using bovine serum
albumin (BSA) as a standard and optimised for the microplate reader.

SOD activity was assessed in both tissues by measuring the decrease in cytochrome ¢
absorption using the xanthine oxidase/hypoxanthine system at 550 nm, with the results
expressed as U mg™! protein (McCord & Fridovich, 1969).

The quantitative evaluation of CAT activity in both tissues follows Greenwald's (1985)
method, which relies on the spectrophotometric detection of hydrogen peroxide (H203)
consumption at 240 nm. The results are expressed in mmol min™! mg protein™.

GPx activity in both tissues were measured using a microplate reader (Infinite® 200,
Pro-Tecan) at 340 nm with cumene hydroperoxide as a substrate at 28°C, following a method
developed by McFarland et al. (1999). The results are presented in mmol min-'mg protein-!.

The GST activity in both tissues was assessed by conjugating 0.2 mM reduced
glutathione (GSH) with 0.2 mM 1-chloro-2,4-dinitrobenzene (CDNB) in a 02 M
KH2PO4/K2HPO4 buffer (pH 7.9). Subsequently, the reaction mixture was measured at 340
nm using a microplate reader (Infinite® 200, Pro-Tecan), following the method outlined by

Habig et al. (1974). The data are presented in mol CDNB min' mg™' protein units.
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4.2.5. Lipid Peroxidation (LPO)
Individual mussel gills and digestive glands were homogenised on ice with 5 mL of 0.02
M Tris-HCI buffer (pH 8.6) and a 1:10 ratio of butylated hydroxytoluene (BHT). The
supernatant from homogenates (3 mL), centrifuged at 30,000 g for 45 minutes at 4°C, was
used to assess total protein concentrations and LPO levels. The absorbance of
malondialdehyde (MDA) and (2E)-4-hydroxy-2-nonenal (HNE) at 540 nm was employed to
determine LPO levels using the technique derived from Erdelmeier et al. (1998). The results
are expressed in nanomoles per milligram of protein.
4.2.6. Statistical Analysis
A student t-test was used to evaluate the condition index of mussels, and statistical analysis
was conducted using Microsoft Excel (©Microsoft 2022). Two parametric tests were
performed to determine whether significant differences exist between treatments and time. A
two-way ANOVA with a confidence level of 95% and a post hoc Tukey test were utilised to
compare the results pairwise. A Principal Component Analysis (PCA) was performed to
examine the relationship between treatments (control, 5-FU, and Mix) and variables
(antioxidant and biotransformation enzymes, oxidative damage). GraphPad Prism Version

9.1.1 was utilised for the statistical analyses (GraphPad Software, Inc. CA).

4.3. Results
4.3.1. Condition Index
There is no significant discrepancy in the condition index of M. galloprovincialis
between treatments or times of exposure, except between controls and mussels exposed to 5-
FU on the seventh day of exposure (p < 0.05). The values range from 37.30 & 2.81 (controls),
34.91 £2.45 (5-FU), and 40.84 + 3.82 (Mix) (see Table 4.1).

Table 4.1. Condition index (mean + S.D.) (%) of M. galloprovincialis exposed to 5-FU and a mixture
of emerging contaminants (10 pg/L of silver nanoparticles + 10 pg/L of polystyrene nanoplastics + 10
ng/L of 5-Fluorouracil) at the beginning, after 7 days, and at the end of the exposure.

Time CT 5-FU Mix
(day)
0 37.30 £2.81
7 40.67 £8.16 32.59 +4.35 31.45 +5.55
21 37.22 £3.03 34.91 £2.45 40.84 £ 3.82
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4.3.2. Genotoxicity

Haemocytes of mussels, both unexposed and those exposed to 5-FU and Mix, were
analysed for DNA damage at the start of the trial, as well as after 3 and 14 days of exposure,
utilising the comet parameter % tail DNA (Fig. 4.1.). Figure 4.1.A displays a few examples of
comets in mussel haemocytes from the control group and from those exposed to 5-FU and Mix.
After 3 and 14 days of exposure, the nucleoid core of unexposed M. galloprovincialis
haemocytes showed no broken DNA fragments or damaged DNA migrating towards the tail
region. In contrast, the nucleoid core of mussels exposed to 5-FU and Mix presented broken
DNA fragments or damaged DNA moving into the tail region (Fig. 4.1.A). At each exposure
time, unexposed mussels displayed no significant differences in % tail DNA (p > 0.05; Fig.
4.1.B); however, a significant difference in DNA damage was observed in mussels exposed to
5-FU and Mix compared to the unexposed group (p < 0.05; Fig. 4.1.B). Furthermore, on the
3 day of exposure, the % tail DNA in both treatments were considerably greater than on the
14™ day (2-fold difference in both treatments) (p < 0.05; Fig. 4.1.B). Consequently, both 5-FU
alone and combined with Mix cause genotoxicity in the haemolymph of the mussels (see Fig.

4.1).
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Figure 4.1. Genotoxicity effects of in vivo exposure of 5-Fluorouracil (10 ng/L) and a mixture of
emerging contaminants (10 pg/L of silver nanoparticles + 10 ug/L of polystyrene nanoplastics + 10
ng/L of 5-Fluorouracil) in the haemolymph of M. galloprovincialis. (A) examples of comet assay
images of unexposed M. galloprovincialis haemocytes and (B) DNA damage (% tail DNA). Different
upper- and lower-case letters indicate significant differences between treatments for the same time and
between times for the same treatment, respectively (p < 0.05).
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4.3.3. Enzymatic activities

There were no significant differences in the various enzymatic activities recorded over
time in the control group (p > 0.05, Fig. 4.2. A—1J), apart from GST in the gills (p < 0.05, Fig.
4). The activities of all enzymes—SOD, CAT, GPx, and GST—altered following exposure to
the different types of contamination.

Mussels exposed to 5-FU showed an increasing trend in SOD activity in their gills over
time, with all exposure durations significantly differing from the beginning of the exposure
when compared to controls and to Mix-exposed mussels on the 215 day (p < 0.05; Fig. 4.2.A).
In the gills, after exposure to the mixture of contaminants, a significant increase in SOD activity
was noted until day 14, returning to levels comparable to controls on day 21 (p < 0.05; Fig.
4.2.A). In the digestive gland, SOD activity significantly increased after 3 days compared to
the start of the exposure for both treatments (p < 0.05; Fig. 4.2.B). In the digestive gland
exposed to Mix, however, a significant rise in SOD, compared to unexposed mussels, is evident
in the first week of exposure (p < 0.05). Overall, the rising SOD activity in both tissues after
exposure to 5-FU or Mix is significantly different from controls after 7 days (p < 0.05), with
this significance in the gills being maintained until the end of the exposure.

A significant increase in CAT activity is observed in the gills of mussels exposed to 5-
FU compared to the beginning of exposure (p < 0.05); however, a slight decrease in activity is
noted on day 14 (Fig. 4.2.C). A significant difference for 5-FU-exposed mussels is evident at
all time points compared to control mussels (p < 0.05). In the gills of mussels subjected to the
Mix, a noteworthy increase is recorded after 7 days, maintaining these levels on day 14, with
both days showing significant differences from day 3 and the initial state of contamination (p
< 0.05; Fig. 4.2.C). When comparing 5-FU and the Mix, it is evident that CAT activity in the
gills is significantly higher from the 3™ to the 21% day of exposure to 5-FU. In the digestive
gland of mussels, exposure to 5-FU resulted in a sharp, significant increase in CAT activity
(2.4-fold) after 3 days, followed by a decline (p < 0.05; Fig. 4.2.D). In Mix-exposed mussels,
a significant decrease in CAT activity occurs throughout the duration of exposure, with CAT
activity on days 14 and 21 being significantly lower than at the other time points compared to
unexposed mussels (p < 0.05; Fig. 4.2.D). A significant difference between 5-FU and Mix is
also noticeable throughout the entire exposure period (p < 0.05; Fig. 4.2.D).
A slight increase in activity throughout the experiment is detected for GPx activity in gills
exposed to 5-FU. However, significant differences are only observed on the initial day
compared to day 21 (p < 0.05; Fig. 4.2.E). The gills of 5-FU-exposed mussels significantly
differed from the controls on days 3 and 14 (p < 0.05; Fig. 4.2.E). A steep, significant increase
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in GPx activity in the gills of Mix-exposed mussels occurs until the seventh day (4.8-fold and
8.3-fold on days 3 and 7, respectively, p <0.05), followed by a decrease in activity. Significant
differences were noted throughout the exposure compared to the start of the exposure, with the
highest significant activity recorded at 7 days (p < 0.05, Fig. 4.2.E). Significant differences
between both treatments are also important during the first week of exposure (p < 0.05; Fig.
4.2.E). In the digestive gland of mussels, GPx activity showed no significant differences
compared to the initial state of 5-FU exposure and unexposed mussels over time, except on day
21 (p < 0.05; Fig. 4.2.F). In the digestive glands of Mix-exposed mussels, a significant rise in
activity is observed on day 3 and day 21 (p <0.05; Fig. 4.2.F). In Mix-exposed mussels, GPx
activity follows a similar pattern to that of 5-FU-exposed mussels’ digestive glands, with
significant differences noted on days 3 and 21 of exposure (p <0.05; Fig. 4.2.F). Throughout
the exposure, no significant differences in GPx activity were identified between 5-FU and Mix
(p >0.05, Fig. 4.2.F). Generally, GPx activity in the digestive glands displays low variation
across all treatments, apart from the 3™ and 21% days for 5-FU- and Mix-exposed mussels.
Firstly, it is important to note that significant differences were observed in the gills of
unexposed mussels on days 7, 14, and 21, where GST activity is significantly lower (p < 0.05)
than the levels measured at days 0 and 3, indicating an overall decreasing trend (Fig. 4.2.G).
This may result from cyclic behaviour, as lower GST activity during the summer months has
been attributed to seasonal variations in temperature and the reproductive cycle (Borkovi¢ et
al., 2005). For gills exposed to 5-FU, notable inhibition of GST activity occurs after 3 days,
with lower activity maintained compared to controls until the end of the exposure period (p <
0.05; Fig. 4.2.G). In the case of mussels exposed to Mix, a significant inhibition (p < 0.05; Fig.
4.2.G) of GST activity (9.7-fold) was recorded between the initial and third day, while after 14
and 21 days of exposure, a significant induction in GST activity was seen. A significant
difference in GST activity was noted between the 5-FU and Mix treatments on days 14 and 21
of exposure (p < 0.05; Fig. 4.2.G). In contrast, GST activity in the digestive gland exhibits a
completely different trend. Here, GST activity does not markedly differ from what was
previously observed in the gills. A significant decrease in GST activity was only noted on day
14 for mussels exposed to 5-FU compared to the outset of the experiment (p < 0.05). There is
no notable difference in GST activity within the digestive gland across times and treatments
(Fig. 4.2.H). Nonetheless, there is a significant difference in Mix-exposed mussels compared

to controls and 5-FU-exposed mussels after 14 and 21 days of exposure (p < 0.05).
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Figure 4.2. Biochemical markers in gills (A, C, E, G, I) and digestive gland (B, D, F, H, J) of M.
galloprovincialis after a 21-day exposure to 5-Fluorouracil (10 ng/L) and a mixture of emerging
contaminants (10 pg/L of silver nanoparticles + 10 pg/L of polystyrene nanoplastics + 10 ng/L of 5-
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Fluorouracil). Different upper- and lower-case letters represent significant differences between
treatments at the same time, and between times for the same treatment, respectively (p<0.05).

4.3.4. Oxidative damage: Lipid Peroxidation

LPO levels in both tissues (gills and digestive gland) of unexposed mussels did not
change significantly throughout the 21 days of exposure (p > 0.05) (Fig. 4.2.1 — J). No
significant differences were found in LPO levels in the gills of mussels exposed to 5-FU (p >
0.05; Fig. 4.2.1). In the gills of mussels exposed to a Mix, a significant linear increase (y =
7.66x, ¥ = 0.835) in LPO levels was detected from the third day until the 14" (p < 0.05; Fig.
4.2.1). The highest LPO levels were observed after 14 days of exposure. After 21 days, there
was a sharp decrease of 3.9-fold, returning to control levels (Fig. 4.2.1). LPO levels for the gills
of Mix-exposed mussels were significantly different from controls and 5-FU-exposed mussels
on days 3, 7, and 14 (p < 0.05).

In the digestive gland of mussels exposed to 5-FU, LPO levels increased after one week,
followed by a subsequent decrease and another increase after 14 and 21 days, respectively.
Significant differences between unexposed and 5-FU-exposed mussels (p < 0.05; Fig. 4.2.J)
were observed after one and two weeks of exposure. In the digestive gland, there was a
significant increase (p < 0.05; 3.6-fold) in LPO levels after 7 days of exposure to Mix, followed
by a decrease in control levels on day 21 (Fig. 4.2.J). Significant differences between Mix-
exposed and 5-FU-exposed mussels were detected only on the 14" day of exposure. After 7
and 14 days of exposure, the results for the Mix were significantly different from controls (p <

0.05; Fig. 4.2.).

4.3.5. Principal component analysis

PCA results applied to elucidate the effects of 5-FU and the mixture of contaminants
on biomarker responses indicate a clear separation between unexposed individuals and those
exposed to both types of exposure. The two principal components account for 82.0% of the
variance in gills (PC1 = 47.7%, PC2 = 34.4%) and 78.2% in digestive glands (PC1 = 49.0%,
PC2 =29.2%) (Fig. 4.3.A —B). Overall, the results suggest that the effects in both tissues (gills
and digestive gland) are time- and treatment-specific. Mussel responses appear to be dependent
on time and tissue regarding 5-FU, as the prolonged exposure time (21 and 14" day) was most
influential for gills and digestive glands, respectively. However, the seventh day proved to be

most influential for both gills and digestive glands in mixed-exposed mussels. SOD and GPx
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are the principal loadings influencing the fir™ component in gills, whilst GST is negatively
correlated (Fig. 4.3.A). Conversely, GST is the principal loading affecting the seco™
component in the digestive gland (Fig. 4.3.B). This demonstrates that the different tissues

exhibit varying responses to exposure, with mussel gills being the most compromised tissue.
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Figure 4.3. Principal Component Analysis (PCA) of a battery of biomarkers (SOD, CAT, GPx, GST
and LPO) in the gills (A) and digestive gland (B) of mussels M. galloprovincialis from controls (CT)
and after exposure to both treatments: 10 ng/L of 5-FU and a mixture of contaminants (10 pg/L of silver
nanoparticles + 10 ug/L of polystyrene nanoplastics + 10 ng/L of 5-Fluorouracil) for 21 days (p <0.05).
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4.4. Discussion

Most of the data concerning the effects of 5-FU are limited to freshwater species (Gaci¢
etal., 2014; Parrella et al., 2015; Kleinert et al., 2021). Therefore, to the best of our knowledge,
this represents the first dataset on the effects of 5-FU alone, as well as in a mixture of
contaminants, on the marine mussel M. galloprovincialis. This was assessed through the
evaluation of biomarkers of genotoxicity, oxidative stress, and oxidative damage in two distinct
tissues: the gills and the digestive gland, along with genotoxicity in the mussel’s haemolymph.

Exposure to these contaminants induces genotoxicity and oxidative stress.
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Figure 4.4. 5-Fluorouracil pyrimidine analogue, its metabolites and mode of action.

The mode of action (MoA) of 5-Fluorouracil is documented for mammalian cells (Fig.
4.4.), and a similar MoA for 5-FU is suggested by the genotoxicity observed in mussels (Fig.
4.1.). 5-FU is a uracil analogue with a fluorine atom at the C-5 position instead of a hydrogen
atom (Vermorken et al., 2007). Once it enters the cell, 5-FU integrates into the DNA, inducing
reactive oxygen species (ROS). The metabolites of 5-FU, namely FAUMP, FAUTP, and FUTP,
are known to disrupt both DNA and RNA functions and processes. Although it cannot be
confirmed definitively, the percentage of tail DNA observed in mussels exposed to 5-FU
suggests that DNA damage is occurring. Haemocyte cells from unexposed mussels exhibited
an average of DNA damage (5.3% fragmented DNA), which is typical for Mytilus
(Mitchelmore et al., 1998). The most significant DNA damage noted in both treatments was
detected on the third day of exposure, with a slightly lower yet still significant level of DNA
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damage apparent after 14 days. Therefore, 5-FU and the Mix are genotoxic to the immune
system of the mussel (Fig. 4.1.). In comparing mussels exposed to 5-FU and the Mix, similar
levels of DNA damage were observed. However, this effect does not significantly differ from
the damage observed with 5-FU alone. It has been established that nanoparticles (NPs) can
adsorb and transport pharmaceutical compounds (Santana-Viera et al., 2021).

Moreover, the ionic strength significantly influences the sorption of 5-FU and other
pharmaceuticals on the surface of plastic polymers, as the most substantial interactions have
been observed in freshwater and low salinity conditions (Puckowski et al., 2021). To
comprehend how nAg and PS-NPs interact with 5-FU, further investigation is required to
confirm adsorption properties. In HeLa (human cell lines), a one-hour exposure to 5-FU was
insufficient for DNA lesions to be recorded. However, a low % tail DNA was evident (Pinheiro,
2016). In the freshwater mussel Elliptio complanata, exposure to 5-FU resulted in a decrease
in DNA strand breaks, while levels of lipid peroxidation (LPO) increased (Kleinert et al., 2021).
In this study, the opposite was observed in 5-FU-exposed mussels, where DNA strand breaks
increased while no significant levels of LPO were detected. Conversely, in mussels exposed to
a mixture, DNA strand breaks and LPO were positively correlated in both tissues. Therefore,
the physicochemical parameters of seawater compared to freshwater drastically impact the
toxicity of 5-FU towards organisms, suggesting that 5-FU’s toxicity is enhanced in the marine
environment. Consequently, the genotoxicity observed in mussels exposed to the mixture
warrants further investigation to better understand the interactions between pharmaceuticals,
nanoplastics, and metal nanoparticles. According to the antagonistic or synergistic model
developed by Ritz et al. (2021), the interactions of these contaminants within the mixture are
antagonistic (see Annex I). Furthermore, the levels of the various parent compounds of 5-FU
accumulated in mussel tissues require further study to assess the mechanisms of 5-FU in marine
species.

The antioxidant defence mechanism of mussels was activated following exposure to 5-
FU and a mixture of contaminants. After exposure to both treatments, the activity of SOD
increased in the gills, with a minor increase noted in the digestive gland. The gills, as filter-
feeding organisms, are the first tissues to encounter toxins in the water, leading them to filter
and absorb these harmful substances (Jorgensen et al., 1996; Gongalves et al., 2020). However,
in the gills of M. galloprovincialis exposed to another anticancer drug—cisplatin (100 ng/L)—
an inhibition of SOD was observed over the 14-day exposure period (Trombini et al., 2016).
Nonetheless, a similar trend in the digestive gland (2.1-fold) was noted in mussels exposed to

cisplatin (Trombini et al., 2016), as observed here for 5-FU. The metabolic role of SOD activity
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is critical for removing superoxide radicals that are formed (Takahashi & Asada, 1983). As the
first line of antioxidant defence (Li et al., 2009), it converts the superoxide anion (-O2) into
hydrogen peroxide (H202). As more H20:2 is produced, CAT activity is expected to rise to
facilitate H202 removal. Following the observed SOD activity, CAT activity in gills exposed to
5-FU presents a dumbbell-shaped pattern, whereas in the digestive gland, increased activity is
observed after the first week. No changes were detected in the activity of CAT in mussels’ gills
exposed to cisplatin (100 ng/L); however, in the digestive gland, mussels display a similar
activity level (272 pmol min/mg protein), confirming an increase in CAT activity due to
exposure to anticancer drugs (Trombini et al., 2016). Although the increase in mussels exposed
to cisplatin peaked on day 14 (Trombini et al., 2016), in this instance, the highest activity was
achieved after 3 days, after which it declined throughout the experiment. CAT activity is more
pronounced at higher concentrations of H202, signaling a substantial percentage of ROS
generated in this tissue (Box et al., 2007). Exposure to 5-FU shows that GPx activity in the
gills significantly increased by the end of the experiment, with a similar trend noted in M.
galloprovincialis exposed to cisplatin (100 ng/L; 14 d) (Trombini et al., 2016). Conversely, the
digestive gland of mussels exhibited a slight increase in GPx activity after exposure to 5-FU,
whereas exposure of M. galloprovincialis to cyclophosphamide, another anticancer drug (CP)
(1 ng/L, 14 d; Fernandes et al., 2020; and 100 and 1000 ng/L, 28 d, 21°C; Queiros et al., 2021),
resulted in a significant increase in activity. It can be inferred that not all anticancer drugs act
similarly and that the mussel’s antioxidant defence response is dependent on the specific type
of anticancer drug and its mode of action, as well as the concentration and behaviour of the
pharmaceutical in seawater. A significant decrease in activity was noted for the
biotransformation enzyme (GST) in the gills and digestive glands of mussels after exposure to
5-FU. Likewise, GST activity in the gills of M. galloprovincialis from northern Portugal, where
most residues of pharmaceutically active compounds were detected, also diminished (3.16
pmol/min/mg protein) (Martinez-Morcillo et al., 2020). In the gills of M. galloprovincialis
exposed to cisplatin (100 ng/L, 14 d), GST activity showed a dumbbell-shaped pattern, with
an increase in GST activity in the digestive gland of mussels observed on the last day of
exposure (Trombini et al., 2016). However, 5-FU resulted in inhibition of GST after 14 days
of exposure. Similarly, GST activities in the digestive gland of M. galloprovincialis exposed to
CP (1 png/L, 14 d) diminished after 3 days (Fernandes et al., 2020), whilst Queiros et al. (2021)
documented a significant increase in GST activity of mussels (M. galloprovincialis) exposed
to CP (500 and 1000 ng/L, 17°C, 28 d). 5-FU induced oxidative stress in mussels, but the

antioxidant defence system was able to mitigate the toxicity of 5-FU as no oxidative damage
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was observed in either tissue. In contrast, Trombini et al. (2016) found an increase in lipid
peroxidation (LPO) levels in the gills of M. galloprovincialis caused by cisplatin exposure (100
ng/L, 14 d), confirming oxidative damage through increased ROS production. Therefore, this
indicates that the capacity of anticancer drugs to induce oxidative stress and damage is highly
dependent on concentration and the drug's chemical composition. The PCA results (Fig. 4.3)
further affirm the differences observed between 5-FU-exposed mussels and those exposed to
the mixture. The response of 5-FU-exposed mussels is time- and tissue-dependent, with the
critical time point for the gills noted at the end of the exposure period, while for the digestive
glands, it is at 14 days. This confirms 5-FU’s toxicity towards mussels despite the absence of
oxidative damage, suggesting that prolonged exposure could compromise mussels' integrity
and deserves further investigation.

Regarding mixtures of contaminants, exposure to a pharmaceutical-nanoplastic-metal
nanoparticle mixture (Mix) resulted in an increase in SOD activity during the first two weeks
of exposure in both the gills and digestive glands of M. galloprovincialis. Compared to 5-FU
alone, the heightened SOD activity persists for an additional week in mussels exposed to Mix.
In the gills of M. galloprovincialis exposed to gold nanoparticles with a zinc oxide corona (Au-
ZnONP; 50 pg/L and 100 pg/L for 14 days) and to Diethyl 3-cyano-1-hydroxy-1-phenyl-2-
methylpropylphosphate (PC, 100 pg/L), there was an increase in SOD activity. In contrast, the
combination of both contaminants did not show significant differences from the control
(Sellami et al., 2021). In other mixtures, the combined effects of micro-polystyrene (2 + 6 pum,
32 ng/L) and fluoranthene (FLU, 30 ug/L) on Mytilus spp. digestive glands demonstrated an
increase in SOD activity within a similar range as reported by Paul-Pont et al. (2016). SOD
activity also rose in the digestive gland of M. edulis after exposure to either 500 ng/mL of PS-
MPs (20 pm) or 500 ng/mL of polyamide microfibres after 24 hours (Cole et al., 2020). In the
Mix, the various contaminants had different impacts on SOD activity; for instance, PS-NPs (50
nm; 10 pg/L; 21 days) inhibited SOD activity in the gills of M. galloprovincialis (Gongalves
et al., 2022; Chapter 3) before also inhibiting it in the digestive gland. Conversely, nAg (< 100
nm; 10 pg/L; 15 days) resulted in an increase in SOD activity in both tissues (Gomes et al.,
2014). This suggests an interaction between the components of the Mix. Generally, the gills of
Mix-exposed mussels displayed significantly lower CAT activity, with increases noted between
days 3 and 14. As CAT activity was inhibited, the Mix potentially amplified H2O2 production,
and CAT could not mitigate the elevated reactive oxygen species (ROS) production, raising
concerns about ROS toxicity towards M. galloprovincialis. A dumbbell-shaped pattern,

analogous to that observed in mussels exposed solely to 5-FU, is evident in the gills of Mix-
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exposed mussels. However, the activity values are markedly lower than those of 5-FU-exposed
mussels. Similarly, CAT activity in M. galloprovincialis exposed to PS-NPs (15 ng/L for 21
days) exhibited a dumbbell-shaped pattern with a comparable decrease in activity (Capolupo
et al., 2021), implying that this change may be attributable to the presence of PS-NPs within
the Mix. However, CAT activity declined in both tissues of M. galloprovincialis after a 21-day
exposure to PS-NPs (50 nm; 10 pg/L) (Gongalves et al., 2022; Chapter 3), whereas exposure
to nAg resulted in increased CAT activity in the gills and digestive glands (Gomes et al., 2014).
This indicates a possible synergistic effect among the contaminants in the Mix. Within the
digestive gland during Mix exposure, the reduction in CAT activity may stem from the transfer
of contaminants onto plastics, as also observed by Paul-Pont et al. (2016) (micro-PS 2 + 6 pum,
32 ng/L and FLU 30 pg/L) in Mytilus spp. and by Almeida et al. (2019) (propanol and PS-NPs,
10 mg/L, 24 hours) in a fish cell line of Sparus aurata. These observations support the notion
that a mixture of contaminants exhibits heightened toxicity compared to individual compounds
and that plastics may serve as carriers for these contaminants. Nonetheless, we cannot discount
the interaction of nAg within the mixture, as metal nanoparticle adsorption processes may also
be at play. Glutathione peroxidase (GPx) may function as a compensatory mechanism for the
deficiency in CAT activity. The activity of GPx in the gills of Mix-exposed mussels was
induced, and a dumbbell-shaped pattern was noted. Thus, the increase in GPx activity in the
gills, coinciding with inhibited CAT activity, suggests a critical dependence on GPx for ROS
removal in these tissues (Regoli & Giuliani, 2014). Moreover, a noticeable rise in GPx activity
was observed in the digestive glands of mussels after two weeks of exposure to the Mix. In
contrast, GPx activity in mussels exposed to 5-FU decreased during this period. When
considering the individual effects of the contaminants within the mixture, gills of M.
galloprovincialis exposed to nAg (< 100 nm; 10 pg/L; 15 days) exhibited increased GPx
activity exclusively (Gomes et al., 2014), while mussels exposed to PS-NPs alone (50 nm; 10
pg/L; 21 days) showed minimal GPx activity in both gills and digestive glands (Gongalves et
al., 2022; Chapter 3). Meanwhile, 5-FU indicated a declining trend in activity akin to
unexposed mussels. As such, the interactions among the different particles within the Mix
could elucidate the observed effects and suggest an enhanced ROS production, indicating that
the toxicity of these compounds in the mixture is magnified. Consequently, the combined
effects of the contaminants may yield synergistic consequences. GST activity similarly
increased in the gills and digestive glands of mussels exposed to the Mix, significantly rising
after two weeks of exposure. However, the gills exhibited GST inhibition during the initial

week of exposure to the Mix. The decline in GST activity in the gills (on day 3) was directly
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tied to increased LPO). Thus, the mussel’s antioxidant response to the generated ROS proved
insufficient to avert oxidative damage during the first week of exposure. Despite this, the
observed upregulation of GST activity in the gills after 14 days correlates with a significant
reduction in LPO on the 21% day. This suggests that mussels may manage the effects of
exposure to the Mix after a prolonged duration. Additionally, the GST activity inhibition seen
in mussels exposed solely to 5-FU might indicate the adsorption of 5-FU onto nAg or PS-NPs
within the Mix, reducing the potency of 5-FU’s toxicity. This could further explain the increase
in the Mix relative to 5-FU alone. Further evaluation is essential to confirm this hypothesis.
Moreover, a similar trend regarding GST activity elevation in the digestive glands of Mytilus
spp. was noted after exposure to micro-PS and FLU (2 + 6 um, 32 pg/L; 30g/L for 14 days)
(Paul-Pont et al., 2016), suggesting an escalation of mixture toxicity over time. Results for
mussels exposed to the Mix corroborate this pattern, reflected by initial increases in LPO levels
in both tissues, albeit with a slight temporal difference, followed by decreased activity after 21
days. Exposure to other metal nanoparticles (e.g., nAg, nCuO) has been shown to increase
oxidative stress in M. galloprovincialis, with oxidative damage being more pronounced in the
gills compared to the digestive gland when exposed to nAg (10 pg/L for 15 days), indicating
that the gills are more heavily affected by nAg (Gomes et al., 2013, 2014). A similar
phenomenon is observed in this experiment. Furthermore, individual exposure to PS-NPs (50
nm; 10 pg/L; 21 days) resulted in oxidative damage in both tissues of M. galloprovincialis,
with critical time-points for the gills and digestive glands noted at 14 days and 7 days,
respectively (Gongalves et al., 2022; Chapter 3). Exposure to 0.350 ppm of cadmium for 96
hours significantly influenced both the gills and digestive gland of M. galloprovincialis, as
evidenced by increased LPO levels; however, LPO levels in the gills (10 nmol/mg protein)
were twice those of the digestive gland (4.5 nmol/mg protein) (Santovito et al., 2021). These
findings are consistent with those observed for Mix-exposure, where the gills exhibited the
highest LPO levels (43.5 nmol/mg protein after 14 days). Additionally, Di Poi et al. (2018)
noted that mixtures of contaminants (carbamazepine, methylparaben, aminomethylphosphonic
acid; 0.96, 18.59, and 500 ng/L, respectively) are more toxic than individual compounds due
to synergistic effects, although the individual compound toxicity remains unchanged. The
overproduction of ROS overwhelmed the antioxidant enzyme system, leading to peroxidative
damage to membrane lipids (Fernandez et al., 2012). Consequently, it can be concluded that
the Mix exerted a greater impact on LPO levels than 5-FU, indicating that mussels could endure
the adverse effects of the individual compound but not those posed by the mixture. Di Poi et

al. (2018) similarly concluded that binary and ternary mixtures (C. gigas, carbamazepine,
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methylparaben, aminomethylphosphonic acid; 0.96, 18.59, 500 ng/L, and methylparaben,
aminomethylphosphonic acid, respectively) exhibited greater toxicity than the individual
compounds.

PCA results (Fig. 4.3.) further confirm the severity of mixtures of CECs and that mussel
responses are mostly time-dependent, being 7 days of exposure, the most critical time point for
both tissues. Therefore, the mixture of contaminants toxicity towards mussels is not tissue-
specific, and compared to 5-FU-exposed mussels, mixtures are more toxic than their single
compounds. Moreover, using the model defined by Ritz et al. (2021) to assess the antagonistic
and synergistic effects of binary mixtures was adapted for tertiary mixtures, and the effects of
pharmaceutical-nanoplastic-metal nanoparticle interactions can be found in the (see
Supplementary data). A synergistic effect was confirmed in both tissues. Synergism was found
in all biomarkers on the 14™ day in mussel gills. In the digestive gland of mussels, apart from
SOD and CAT, the effects of all other biomarkers were synergistic at days 14 and 21. This
model is, therefore, a valuable tool to confirming antagonistic/synergistic effects, as suggested,
and crucially, it demonstrates that prolonged exposure results in the observed synergistic
effects, indicating that the duration of exposure is critical when considering the interactions of

pharmaceuticals, nanoplastics, and metal nanoparticles.

4.5.Conclusions

The present data provides evidence that the adverse effects of 5-FU alone and in a mixture
of contaminants in both mussel tissues are time and tissue-specific, differentiating in severity.
M. galloprovincialis could counteract the toxicity of 5-FU, whilst the opposite was observed
in Mix-exposed mussels, consequently leading to oxidative damage. An adaptive response
observed in both tissues seems to be limited to GST activity, demonstrating the ability of this
biotransformation enzyme to activate as a compensating mechanism to manage oxidative
stress. Both 5-FU and Mix caused genotoxicity in mussel haemolymph, where the interactions
between these emerging contaminants are antagonistic. Moreover, it is possible to conclude
that single contaminant exposures are not as toxic as a mixture of different contaminants, and,
on an important note, these interactions need to be further studied. Data suggests a synergistic
effect in the interaction of a mixture of pharmaceutical-nanoplastic-metal nanoparticles

concerning oxidative stress and oxidative damage.
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Abstract

Contaminants of emerging concern (CECs) pose a new threat to the marine
environment, making it essential to comprehend CEC mixtures' interactions and potential
toxicity once they enter the ocean. CECs—such as metal nanoparticles, nanoplastics, and
pharmaceuticals—are contaminants that have been evaluated individually, yet their
interactions as mixtures remain largely unexplored. Successful reproduction is crucial to
secure a healthy and prosperous future generation; however, if compromised, population
dynamics may be jeopardised, adversely affecting biodiversity. This study aimed to
investigate the effects of silver (20 nm nAg, 10 pg/L), polystyrene nanoparticles (50 nm
PS-NPs, 10 pg/L), and 5-fluorouracil (5-FU, 10 ng/L) both individually and in combination
(10 pg/L of PS-NPs + 10 pug/L of nAg + 10 ng/L of 5-FU) in the gonads of Mytilus
galloprovincialis. A multi-biomarker approach was employed, analysing the antioxidant
defence system (ADS; superoxide dismutase, catalase, glutathione peroxidase, glutathione
— § — transferase activities) and oxidative damage (OD; lipid peroxidation) in the mussel
gonads. All exposure treatments after 3 days elevated enzymatic activity, followed by
inhibition after 14 and 21 days. Consequently, the ADS became overwhelmed due to the
generation of reactive oxygen species (ROS), leading to OD, except in mussels exposed to
PS-NPs. The OD in mussels exposed to the mixture increased exponentially by 57-fold.
When CEC mixtures interact, they can potentially be more harmful than their individual
components, presenting a significant threat to marine species. A model was utilised to
comprehend synergistic and antagonistic interactions, with antagonistic interactions
evident in the evaluated biomarkers at all times, except for a synergistic interaction at day
3 concerning lipid peroxidation. Results indicate that the observed effects in the gonads of
mussels exposed to the mixture primarily arise from the interaction between nAg and 5-FU

rather than PS-NPs.
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5.1. Introduction

Contaminants of emerging concern (CECs) have the scientific community rendered
with the possible ecotoxicological effects they may have towards aquatic organisms and,
consequently, human health. According to the criteria— persistence in the environment,
and noxiousness and ecotoxicological effects— CECs are a variety of chemical substances
(anthropogenic and/or naturally occurring) that are not frequently monitored in the
environment (Pastorino & Ginebreda, 2021). These include pharmaceuticals and personal
care products, endocrine-disrupting chemicals, nanomaterials and nanoparticles, and
persistent organic pollutants (Kumar et al., 2022). The source of most CECs landing in our
seas is primarily due to the lack of treatment and removal of these contaminants by
wastewater treatment plants (WWTP). Inevitably, these CECs will end up all together in
the ocean. Although it is crucially important to understand the toxicity these CECs pose to
marine life, it is also of utmost importance to comprehend how their toxicity differs when
the CECs are present all together. Mixtures of CECs are lately getting much attention;
however, most data focus on mixtures of contaminants belonging to the same group (Affek
et al., 2018; Brezovsek et al., 2014; Elersek et al., 2016; Mater et al., 2014; Novak et al.,
2017), whilst some focus on microplastics and pharmaceuticals interactions (Martin et al.,
2022; Pashaei et al.,, 2022; Qu et al.,, 2018; Sellami et al., 2021), and others on
micro/nanoplastic interaction with metals and metal nanoparticles (Davranche et al., 2019;
Estrelaetal., 2021; Yu et al., 2019). Consequently, the question arises of how toxic mixtures
of differently classified CECs, such as engineered nanoparticles, nanoplastic pollution, and
pharmaceuticals, impact the marine environment and whether these contaminants'
interactions are more severe.

With the advancement of nanotechnology and engineered nanomaterials being most
frequently utilised in nano-functionalized consumer goods, silver nanoparticles (nAg) are
primarily used in personal care, antimicrobial coatings, photonic devices, and textile
industries (Lee & Jun, 2019; Maillard & Hartemann, 2013; Pereira et al., 2020). Production
of nAg products has rocketed throughout the years due to its properties — antimicrobial,
antibacterial, antifungal, antiviral, anti-inflammatory, and anticancer (Khan et al., 2018) —
the global nAg market size, with a revenue of over 2 billion USD in 2021, is projected to
surpass 5 billion USD by 2029 (Market Research, 2022). The toxic effects of nAg towards
marine organisms have been thoroughly evaluated (Auguste et al., 2018; Gomes et al.,

2013; Lorusso et al., 2022; McCarthy et al., 2013; Rezvani et al., 2019) , and its mode of
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action (MoA) is known to harm cell membranes directly; nAg can liberate Ag" ions, and
both nAg and Ag" generate reactive oxygen species (ROS) (Ghobashy et al., 2021). nAg
levels in the environment are anticipated to be between 0.03 and 0.08 mg L! (Fernandes et
al.,2017), as WTTP are not effective in the removal or treatment of nAg. For instance, nAg
will primarily partition to the sludge in WWTP (Bolafios-Benitez et al., 2020). Sludge may
be sent to landfill/used as agricultural fertiliser, and through leaching and surface run-off,
nAg may enter the marine environment (Blaser et al., 2008).

Moreover, WWTP needs to improve in the removal of plastic debris. As global plastic
pollution is increasing — reports from 2021 show an increase in global plastic production
to 390.7 million tons , 2022) — the possible adverse effects towards marine organisms are
highly concerning. Europe, since 2020, has decreased plastic production by 4%, whilst
China increased their production to almost a third of the world’s plastics (PlasticEurope,
2022). Polystyrene (PS), in Europe, accounts for 6.1% of plastic production, and its
applications, such as packaging and building insulation, account for the world’s two largest
plastic markets, 44% and 18%, respectively (PlasticEurope, 2022). Nowadays, within
plastic pollution, there is an increasing focus on nanoplastics, whether primary or
secondary, as these nano-sized plastic particles could cross cellular boundaries, increasing
their potential toxicity towards marine organisms — as the size of the particle decreases,
the biological reactivity increases — (Peng et al., 2020). For instance, the antioxidant
defence system of M. galloprovincialis was inhibited by exposure to PS nanoplastic (PS-
NPs) at a dose of 10 pg/L (50 nm PS-NPs; 21 d), resulting in oxidative damage, with the
mussel gills being the most severely affected tissue (Gongalves, et al., 2022b; Chapter 3).
Lysosomal indicators of general stress were more affected by PS-NPs exposure to M.
galloprovincialis (50 nm; 1.5-150 ng/L; 21-d) than by PS-microplastics (PS-MPs),
suggesting a connection between this trend and improved antioxidant production
(Capolupo et al., 2021).

Moreover, when M. galloprovincialis were exposed to different types and shapes of
plastic polymers in the micron size range (241.3 = 32.7 to 3073.8 +£ 21.7 1860.1 um; 12.5
particles/L & 25 particles/L; polyamide, polyethylene, and polymethyl methacrylate; 7
days), the antioxidant defence in gills and the digestive gland was more overwhelmed by
smaller particles, that were retained by the digestive tract compared to bigger ones
(Provenza et al., 2022a). The glitter particles broke down into smaller and shorter particles,

which resulted in higher levels of oxidative stress (Provenza et al., 2022a), increasing the
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necessity to better understand the toxicity of NPs, as they differ from MPs. Given the
absence of appropriate analytical techniques for determining the presence and
concentration of NPs in marine matrixes, the detection of NPs in natural environments
continues to remain tricky (Cai et al., 2021; L. Wang et al., 2021); however, Halle et al.
(2017) collection from the North Atlantic Gyre, a nanoplastic segment containing four
types of plastic polymers, including PS, all within the nano-size range, confirmed the
presence of nanoplastics in the ocean.

Additionally, pharmaceuticals make up a significant subset of CECs, although anti-
cancer drugs have yet to draw much attention. Concerningly, an increasing number of
patients are getting cytostatic drug-based chemotherapy in hospitals or at home. Because
these pharmaceutical compounds seldom entirely metabolise, they are eventually released
into the water unchanged or modified (Trombini et al., 2016). One of the most popular
pharmaceutical compounds for the treatment of solid tumours as well as colorectal,
pancreatic, and breast cancer is 5-fluorouracil (5-FU), a cytostatic agent (IARC Class 3)
(Mahnik et al., 2007). 5-FU is a pyrimidine analogue of uracil with a fluorine atom (Cairns
et al., 2011), and the primary MoA of 5-FU in mammals is the incorrect incorporation of
its fluoro-nucleotides into DNA (Matuo et al., 2009), as well as the release of cytochrome
¢ from the mitochondria, promoting ROS and the production of superoxide radicals and
oxidative stress (Gongalves et al., 2022a; Chapter 4). According to estimates, 5-FU
concentrations in European waterways range from 0.3 ng/L to 2.5 ng/L and below 160 ng/L
in surface waters (Heath & Isidori, 2020). More recent information in the gills and
digestive gland of the marine mussel M. galloprovincialis (10 ng/L; 21 d) showed that the
antioxidant defence system (ADS) could counteract ROS production and prevent oxidative
damage (Gongalves et al., 2022a; Chapter 4). Conversely, due to the MoA of 5-FU,
genotoxicity was observed in the haemolymph of M. galloprovincialis (Gongalves, et al.,
2022a; Chapter 4).

Bivalves are a class of species widely used in ecotoxicological assessment, and the
Mediterranean mussel M. galloprovincialis is an excellent sentinel organism to help
understand how these CECs can affect marine organisms. As sessile filter-feeders, M.
galloprovincialis organisms are practical tools for evaluating the environmental quality
because of their characteristics like susceptibility to contaminants, widespread geographic
distribution, sedentary lifestyle, and ease of sampling (Provenza et al., 2022b). A more
crucial aspect, which is seldom evaluated, is the impact these CECs may have on the

mussel's reproductive organs, the gonads, as reproductive impairment or unsuccessful
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larval-embryo development could consequently influence marine population dynamics.
Therefore, this study aims to examine the effects of nAg (20 nm; 10 pg/L), PS-NPs (50
nm; 10 pg/L), 5-FU (10 ng/L), and a mixture of the three CECs (Mix: 10 pg/L of nAg + 10
ug/L of PS-NPs + 10 ng/L of 5-FU) on the gonads of M. galloprovincialis following a 21-
day exposure assay, to evaluate whether the CECs are more toxic individually or as a
mixture. A multi-biomarker approach was employed to assess oxidative stress and damage,

quality indices, and to model the interactions occurring within the mixture.

5.2. Materials and Methods

5.2.1. Silver nanoparticles (nAg)

Silver dispersion — nanoparticles measuring 20 nm in size (TEM) in a 0.02 mg/mL
aqueous buffer containing sodium citrate as a stabiliser were obtained from Sigma-Aldrich
(730793) (JMGS, Portugal). A DLS particle sizer (ZetaSizer Nano ZS90, Malvern Inc.) was
employed to measure the hydrodynamic diameter of nAg in both ultrapure water and
filtered seawater (FSW), as well as to determine the electrophoretic mobility of nAg in a
disposable polycarbonate capillary cell at 25 °C (DTS1061, Malvern Inc.) for the
calculation of its zeta potential. The aggregation kinetics were evaluated using time-
resolved DLS measurements. The size of the Ag nanoparticles was monitored over a
duration of 2 to 12 hours. The hydrodynamic diameter (HD) of nAg remained stable in
ultrapure water (34 £ 0.69 nm), with the (-potential under these conditions measuring (54.8
+ 1.62 mV), indicating no aggregation in ultrapure water. In contrast, the increase in HD in
FSW (521.9 £ 87.42 nm) signifies aggregation of nAg in FSW. A concentration of 10 pg/L

was employed for exposure assays.

5.2.2. Polystyrene nanoplastics (PS-NPs)

Fluoresbrite® Plain YG spherical polystyrene nanoplastics of 50 nm in size (CAS
9003-53-6) were purchased from Polysciences, Inc. (Germany). 50 nm particles packed as
2.5% aqueous suspension, with 3.64 x 1014 particles/mL in ultrapure water (7732-18- 5)
(CV = 15%, Excitation max. = 441 nm, Emission max. = 486 nm). A concentration of 10
ng/L was used for exposure assays. Characterisation of PS-NPs is detailed Gongalves et al.
(2022b) (Chapter 3). It indicates that the hydrodynamic diameter of the PS-NPs increases
when dispersed in FSW (852 + 103 nm), suggesting that the high concentration of salts in

seawater contributes to aggregation and agglomeration kinetics.
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5.2.3. S5-Fluorouracil (5-FU)

5-FU (CAS 51-21-8) was procured from Sigma Aldrich, Inc. The experimental study
was conducted using a class II biological safety cabinet and appropriate attire to ensure safe
handling of medications (open-back, impervious chemotherapy protection gown, double
powder-free latex gloves, and safety goggles). Sequential dilutions in ultrapure Milli-Q
water were prepared to achieve a final concentration of 100 pg/L. Subsequently, a working

solution of 10 ng/L of 5-FU was prepared in seawater.

5.2.4. Experimental Design

Mussels M. galloprovincialis Lamarck (50 mm + 5 mm) were collected from the Ria
Formosa Lagoon in southeast Portugal (37°00'30.6"N 7°59'39.6"W) during the
reproductive phase (August 2020) and transported alive to the laboratory. Following a four-
day acclimatisation period, 20 mussels were placed into each 15 L tank containing 10 L of
seawater in a duplicated design. Mussels were exposed to 10 pg/L of nAg (20 nm), 10 pg/L
of PS-NPs (50 nm), 10 ng/L of 5-FU, and the corresponding mixture (10 pg/L of both nAg
and PS-NPs, alongside 10 ng/L of 5-FU) for 21 days. Seawater was exchanged every two
days, and contaminants were re-dosed. Mortality was recorded in mussels exposed to nAg
on day 6 (one dead mussel), to PS-NPs on day 1 (one dead mussel) and day 3 (one dead
mussel), to 5-FU on day 3 (six dead mussels) and day 10 (two dead mussels), and to the
mixture on day 0 (one dead mussel) and day 1 (one dead mussel) of exposure. Mussels
were collected on days 0, 3, 7, 14, and 21 of exposure for a multi-biomarker analysis. The
mussels were weighed, and their gonads were dissected and immediately frozen in liquid
nitrogen. They were stored at -80°C for subsequent investigation into the effects of nAg,
PS-NPs, 5-FU, and the mixture.

The availability of food resources permits mussels M. galloprovincialis to recuperate
their gonads quickly. Therefore, spawning occurs throughout the year, with higher rates
during summer (Ramos, 2017). In August specifically, the gonads were either ripe,

spawning or in a late-spawning stage (Ramos, 2017).

5.2.5. Quality control and assessment

Each tank was equipped with a glass cover to minimise aerial pollution, and aeration
was conducted using glass pipettes to avoid plastic contamination. During tissue dissection,
no gloves, plastic tools, or materials were utilised to prevent any further plastic

contamination.
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5.2.6. Antioxidant enzymes

Gonads of mussels were individually homogenised in 5 mL of 20 mM Tris-Sucrose
buffer (0.5 M Sucrose, 0.075 M KCI, 1 mM DTT, 1 mM EDTA, pH 7.6) utilising a VWR
Star-Beater (5 min, 20/s shaking, with grinding balls), following Geret et al. (2002). after
two centrifugations (1: 500 g, 15 minutes, 4°C; 2: 12,000 g, 45 minutes, 4°C), the cytosolic
fraction was obtained. Aliquots were then employed to analyse the activities of the
antioxidant enzymes: superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidases (GPx), and the activity of the biotransformation enzyme: glutathione-S-
transferases (GST).

All enzymatic activities were standardised by determining total protein concentrations
using the specified method Bradford (1976). Total protein concentrations (mg protein g
tissue) were calculated using bovine serum albumin (BSA) as a standard and optimised for
a microplate reader.

SOD activity was measured by calculating the reduction in absorption of the substrate
cytochrome ¢ by the xanthine oxidase/hypoxanthine system at 550 nm, and the responses
were represented as U mg™! protein (McCord & Fridovich, 1969).

CAT activity was quantified using a spectrophotometric method for detecting hydrogen
peroxide (H202) consumption at 240 nm. The results are given in mmol min 'mg protein-'.

Based on McFarland et al. (1999) the technique, GPx activity was assessed using a
microplate reader (Infinite® 200, Pro-Tecan) at 340 nm, with cumene hydroperoxide as the
substrate at 28°C. The results are presented in mmol min™' mg protein".

GST activity, based on Habig et al. (1974) the approach, was determined by conjugating
0.2 mM reduced glutathione (GSH) with 0.2 mM 1-chloro-2,4-dinitrobenzene (CDNB) in
a reaction mixture of 0.2 M KH2PO4/K2HPO4 buffer (pH 7.9) and measured at 340 nm in
a microplate reader (Infinite® 200, Pro-Tecan). Data is presented in mol CDNB min-' mg-

! protein units.

5.2.7. Lipid peroxidation

Individual mussel gonads were homogenised with the aid of a VWR Star-Beater (5 min,
20/s shaking, with grinding balls) in 5 mL of a 1:10 ratio of butylated hydroxytoluene and
0.02 M Tris-HCI buffer (pH 8.6). (BHT). To measure total protein concentrations and LPO
levels, homogenates (3 mL) were centrifuged at 30 000 g for 45 minutes at 4°C. Using a
method adapted from Erdelmeier et al. (1998) the absorbance of malondialdehyde (MDA)
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and (2 E)-4-hydroxy-2-nonenal (HNE) at 540 nm was used to determine the levels of LPO

in units of nm/mg protein.

5.2.8. Integrated Biomarker Response (IBR)

An efficient index for visualising the biological consequences of contaminants and the
relation between a battery of biomarkers and contamination levels is the integrated
biomarker response index (IBR) (Devin et al., 2014). Thus, using a biomarker response
index version 2 (IBR) proposed by Sanchez et al. (2013), which was modified from the
IBR index defined by (Beliaeff & Burgeot, 2002) and described in Serafim et al. (2012) the
biomarker data from gonads of M. galloprovincialis exposed to silver nanoparticles (nAg),
polystyrene nanoplastics (PS-NPs), 5-fluorouracil (5-FU) and the mixture of the three
contaminants (Mix) were assessed.

IBR enables the merging of various biomarker responses into a single numerical result.
The IBR index was created to remove the IBR result dependent on the arrangement of the
biomarkers and the induction and inhibition of each biomarker. It is based on a disturbed
and undisturbed condition (Sanchez et al., 2013). IBR is the sum of the differences between
control groups and groups exposed to nAg, PS-NPs, 5-FU, or Mix on each sampling day.

In contemplation of reducing variance, the combined data of each biomarker (Xi) were
compared to the combined data (Xo) of each biomarker from the control group and log
transformed (Yi). Yi's mean (p) and standard deviation (o) were computed, and the input

for each parameter was further standardised using the equation:

_®i-w

Z; 5

The mean of the standardised biomarker response (Zi) and the mean of the unexposed
biomarker (Zo) were used to generate a baseline centred on controls and show parameter
variation relative to this baseline:

A =17 — Z,

Finally, the absolute value of A for each parameter in each experimental condition was
calculated and added to obtain the IBR index:

IBRv2 = Y |A;]

5.2.9. Model for Synergistic or Antagonistic Effect

This method has been modified for tertiary combinations and is based on the single-

dose factorial design described by Ritz et al. (2021) for binary mixtures. This approach
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creates five treatments: control, nAg, PS-NPs, 5-FU, and a mixture of the three (Mix) by
combining three factors (three contaminants) with two levels. The assertion of an opposing
or complementary impact is only valid for the concentrations used in this evaluation [10
pg/L of nAg; 10 ng/L of PS-NPs; 10 ng/L of 5-FU, and Mix (10 pg/L of nAg +10 ng/L of
PS-NPs +10 ng/L of 5-FU)]. Values were computed for all sampling times (0, 3, 7, 14, and
21 days), and all biomarkers (SOD, CAT, GPx, GST activities, and LPO levels) were

examined using the following dose addition and independent action models:

5.2.9.1.Dose addition

Eadd = (ESFU - Econtrol) + (EnPS - Econtrol) + (EnAg - Econtrol)

The difference (Das) between the actual response (control) and the previously expected
impact can characterise any antagonistic or synergistic effect. The following equation

defines the difference:

Dyq = Eymix — Espy — Enps — EnAg + Econtrol
5.2.9.2.Independent action

E _ ESFU X EnPS X EnAg
ind —
(Econtrol)2

Under the presumption of independent action, every antagonistic or synergistic

effect can be described as the difference (Dis) between the observed and reference
effects. The following equation defines the difference:
Diq = Emix — Eina

5.2.10. Statistical Analysis

According to data distribution and variance homogeneity (Shapiro-Wilk test),
parametric tests (ANOVA, followed by Tukey's post-hoc test) or non-parametric equivalent
tests (Kruskal-Wallis and a two-tailed multiple comparisons test) were used to assess the
significant differences between treatments and time. If p < 0.05, the findings were
significant. GraphPad Prism version 9.1.1 (GraphPad Software, Inc. CA) was used for the
statistical analysis.

A Principal Component Analysis (PCA) was also used to assess the relationship

between treatments (unexposed and exposed to nAg, PS-NPs, 5-FU, and Mix) and the
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measured parameters [activities of antioxidant and biotransformation enzymes (SOD, CAT,
GPx, GST) and oxidative damage (LPO)] in mussel gonads over the exposure period (21
days). The Statistica 7.0 programme achieved this (Statsoft Inc., 2005; USA).

For IBR, statistical differences were evaluated using a t-test on Microsoft Excel

(Microsoft Corporation, 2018), and results were considered significant when p < 0.05.

5.3. Results

5.3.1. Antioxidant Enzyme Activities

The activities of antioxidant and biotransformation enzymes of unexposed mussel
gonads did not alter throughout the exposure (21 days; p > 0.05; Fig. 5.1.A - D).

SOD activity in the gonads of mussels exposed to nAg and 5-FU shows an increasing
trend, with activity observed at day 21 being significantly higher when compared to other
treatments, as well as significantly different from nAg and 5-FU exposed gonads at other
time points (p < 0.05; Fig. 5.1.A). In Mix-exposed mussel gonads, however, the activity of
SOD exhibits a dumbbell-shaped pattern, indicating a significant increase on day 7
compared to the beginning and end of exposure, as well as compared to controls and gonads
exposed to nAg and PS-NPs (p < 0.05). Conversely, no significant differences were found
in the gonads of mussels exposed to PS-NPs throughout the exposure period, nor with
controls (p > 0.05).

In all exposure treatments, the activity of CAT in mussel gonads increased significantly
after 3 days of exposure compared to unexposed specimens and maintained high activity
throughout the 14-day period (p < 0.05; Fig. 5.1.B). Mussels exposed to nAg and 5-FU
exhibited the highest CAT activity at the end of the exposure period (21 days), whereas
those exposed to PS-NPs and Mix showed a decrease in activity (p < 0.05).

A substantial increase in GPx activity is evident in mussel gonads exposed to Mix after
3 days of exposure, and an increase in GPx activity is also noteworthy in gonads exposed
to nAg and 5-FU compared to unexposed ones at the same time point (p < 0.05; Fig. 5.1.C).
However, gonads exposed to 5-FU and Mix exhibit a decrease in GPx activity on days 14
and 21. Conversely, those exposed to PS-NPs demonstrate a dumbbell-shaped pattern in
GPx activity, showing a significant difference compared to controls from the seventh day
of exposure until the end of the trial, and are significantly different from all treatment
conditions on these days (p < 0.05). More significant differences are identified between
treatments at each time point, with gonads exposed to Mix showing significantly higher

levels than all treatment conditions on days 3 and 7 (p < 0.05), and notable differences are
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also observed between PS-NPs-exposed and nAg and 5-FU-exposed mussel gonads (p <
0.05).

GST activity in all treatments decreased after 3 days of exposure, with the reduction in
nAg, 5-FU, and Mix-exposed mussel gonads being significantly different from the controls
and those exposed to PS-NPs (p < 0.05; Fig. 5.1.D). Low GST activity persists throughout
the exposure period, as nAg, 5-FU, and Mix-exposed mussel gonads show significant
differences from unexposed mussels at all time points. Additionally, the GST activity in
PS-NPs-exposed mussels is significantly lower than in unexposed mussels on days 7 and

21 of exposure (p < 0.05).

21 o L] 7 14
BCT @nAg OPS-Ws ES5FU EMix Exposure time (days)

Figure 5.1. The activity of superoxide dismutase (SOD) (A), catalase (CAT) (B), glutathione peroxidase
(GPx) (C), glutathione-S-transferase (GST) (D) (mean = std) in gonads of M. galloprovincialis after a
21-day exposure to silver nanoparticles (10 pg/L), polystyrene nanoparticles (10 pg/L), 5-Fluorouracil
(10 ng/L), and Mixture of the three contaminants (nAg + PS-NPs + 5-FU). Different upper- and lower-
case letters indicate significant differences between treatments for the same time and between times for
the same treatments, respectively (p<0.05).

5.3.2. Oxidative damage
Levels of LPO in unexposed mussel gonads did not change throughout the exposure
period (21 days; p > 0.05). Aside from PS-NPs, all treatments exhibited levels of oxidative

damage, with Mix-exposed mussels showing an exponentially higher level of LPO on day
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3 compared to the other treatments, reflecting a 57-fold increase relative to unexposed
mussels (p < 0.05; Fig. 5.2). On days 7, 14, and 21 of exposure, 5-FU-exposed mussel
gonads exhibited the highest levels of oxidative damage, followed by nAg-exposed mussels

on day 14 when compared to controls and PS-NPs-exposed mussels (p < 0.05).
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Figure 5.2. Lipid peroxidation (LPO) levels (mean =+ std) in gonads of M. galloprovincialis after a 21-
day exposure to silver nanoparticles (10 pg/L), polystyrene nanoparticles (10 ug/L), 5-Fluorouracil (10
ng/L), and Mixture of the three contaminants (nAg + PS-NPs + 5-FU). Different upper- and lower-case
letters indicate significant differences between treatments for the same time and between times for the
same treatments, respectively (p<0.05).

5.3.3. Principal component analysis (PCA)

The impact of nAg, PS-NPs, 5-FU, and Mix on the response of biomarkers (SOD, CAT,
GPx, GST activities, and LPO) was described using PCA, which was applied to all the data
collected from the gonads of mussels (Fig. 5.3). In mussel gonads, the two principal
components account for 78.8% of the overall variation (PC1 = 58.8%, PC2 =20.0%; Fig. 5.3).
The PCA reveals a distinct difference between exposed and unexposed gonads, with unexposed
mussel gonads positioned closely together and negatively correlated with both principal
components. All periods of nAg exposure show a positive relationship with the 15 component
(PC1) and a negative relationship with the 2™ (PC2). In contrast, in PS-NPs-exposed mussel
gonads, all exposure times except day 7 exhibit a negative correlation with PC1, while days 7
and 14 are positively related to PC2, and days 3 and 21 are negatively related. Similar to nAg-

exposed mussels, all sampling days for 5-FU and Mix-exposed mussel gonads are positively
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correlated with PC1. The main difference between 5-FU and Mix is evident in PC2, where, in
relation to exposure times, an opposing pattern is observed; days 3 and 21 in 5-FU are
positively related, while days 7 and 14 for Mix-exposed mussel gonads are positively related,
and days 7 and 14 for 5-FU-exposed gonads are negatively correlated, along with days 3 and
21 for Mix-exposed gonads. The principal biomarker loadings affecting PC1 are LPO, followed
by GPx, whereas for PC2, it is SOD. This PCA indicates that nAg and 5-FU are the two
contaminants that primarily influence the toxicity effects observed in mussel gonads exposed

to Mix, with day 3 of exposure being the most critical time point.
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Figure 5.3. Principal Component Analysis (PCA) of biomarkers (SOD, CAT, GPx, GST activities and
LPO) in the gonads of M. galloprovincialis from controls (CT) and those exposed to silver nanoparticles
(nAg), polystyrene nanoplastics (PS-NPs), 5-fluorouracil (5-FU) and the mixture (Mix) for 21 days
(p<0.05).
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5.3.4. Integrated biomarker response (IBR)

The Integrated Biomarker Response (IBR) was calculated for the data on mussel
biomarkers in the gonads at all exposure times to nAg, PS-NPs, 5-FU, and Mix. Fig. 4A—B
shows a graphic representation of the IBR and star plots for all treatments.

The IBR pattern was both treatment-dependent and time-dependent. For nAg-exposed
mussel gonads, an increasing trend in IBR scores is observed throughout the period of
exposure, with the score on the 21% day being significantly different from the other time points
(p < 0.05; Fig. 4A). The mussel gonads exposed to PS-NPs show a substantial increase from
day 7 onwards, with the scores on days 7 and 21 significantly differing from those on day 14
(p < 0.05; Fig. 4A). The IBR score for the 5-FU-exposed mussel gonads rises on day 7 and
begins to decline in the subsequent days (p < 0.05; Fig. 4A). In contrast, the IBR score for Mix-
exposed mussels increases significantly on the 3™ day of exposure, followed by a decrease in
score until the end of the experiment (p < 0.05; Fig. 4A). On day 3 of exposure, the Mix-
exposed gonads have a significantly higher IBR score compared to the individual contaminant
exposures, while on day 7, it is the PS-NPs-exposed gonads, and on day 21, the nAg and PS-
NPs-exposed mussel gonads (p <0.05; Fig. 4A). Star plots indicated that changes in biomarkers
were also treatment and time-dependent (Fig. 4B). In nAg-exposed mussel gonads (Fig. 4B),
the 21% day is the most critical, with SOD activity being the main contributor to the overall
IBR score. There are three key time points for PS-NPs-exposed gonads: at 7 days, GPx activity
and LPO levels are the leading contributors; at 14 days, CAT activity is the main contributor;
and at 21 days, GPx and GST activities are the leading contributors to the total IBR score. The
star plot for 5-FU-exposed mussel gonads reveals that the 21% day of exposure is the most
critical, with SOD activity as its primary contributor, followed by day 7, where GPx activity
and LPO levels significantly contribute to the overall IBR score. In mussel gonads exposed to
Mix, day 3 is the most crucial, with GST activity, LPO, and GPx activity primarily contributing
to the total IBR score.
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Figure 5.4. (A) Integrated biomarker response index version 2 (IBR) for all treatment exposures (nAg,
PS-NPs, 5-FU and Mix) (mean + SD), and (B) star plots of each treatment exposure in the gonads of
M. galloprovincialis. Different upper- and lower-case letters indicate significant differences between
treatments for the same time and between times for the same treatments, respectively (p<0.05)
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5.3.5. Synergistic or Antagonistic effect

5.3.5.1. Difference of dose addition (Du.)

The sum of differences relative to the control group for the contaminants when applied
alone (assumption of dose addition; Dd.) was conducted to understand better synergistic or
antagonistic effects in mix-exposed mussel gonads (Table 5.1.). Following 3 days of exposure,
the contaminants in the mixture exhibited synergistic interactions, particularly for LPO. An
antagonistic effect is noted for LPO at the subsequent sampling time-point (day 7). On the 14"
day of exposure, CAT activity is the primary enzyme displaying antagonistic interactions
among contaminants in the mixture. In contrast, after 21 days of exposure, SOD activity

becomes the main enzyme, and again the mix demonstrates antagonistic interactions.

Table 5.1. Antagonism or Synergism for tertiary mixtures: Difference of dose addition (Du.). Dda is
under the assumption of dose addition (sum of differences relative to the control group) for the
contaminants when applied alone (adapted from Ritz et al., 2021). If the difference in Dy, is below or
above 0, it indicates an antagonistic or synergistic effect.

(days)

Exposure time sSoD

CAT

GPx

GST

LPO

0
3
7
14
21

-40
20
31

-104

-62
-56
-41
-28

28
11
45

217
-188

-40

5.3.5.2. Difference of independent action (Dis)

Furthermore, assuming there is independent action of the contaminants, a difference of
independent action (Dis) was also conducted for Mix-exposed mussel gonads to further
understand any synergistic or antagonistic interactions between the contaminants (Table 5.2).
Under this assumption, all days exhibit significantly higher negative values for Dis, where both
LPO and CAT activity demonstrate antagonistic interactions among the three contaminants in
Mix-exposed mussel gonads from 3 to 14 days of exposure, with SOD activity showing the

highest antagonistic effect on day 21.

Table 5.2. Antagonism or Synergism for tertiary mixtures: Difference of independent action (D). Dia
is under the assumption of independent action of the contaminants (adapted from Ritz et al., 2021). If
the difference in Dia is below or above 0, it indicates an antagonistic or synergistic effect.

Exposure time
(days)

SOD

CAT

GPx

GST

LPO

0
&
7
14
21

0
=3
13
39

-350

0
-392
-330
-1116
-179

0
-10
-40
10

3

0
71
3
11
8

-448

-4278
-5801

-144
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5.4. Discussion

Mixtures of CECs are attracting considerable attention; however, the interactions between
metal nanoparticles, nanoplastics, and pharmaceuticals remain largely unexplored. Therefore,
to our knowledge, this is the first dataset concerning the effects of nAg, PS-NPs, and 5-FU
both individually and as a mixture (Mix) in the gonads of M. galloprovincialis.

The increase in the use of nAg in everyday life is mainly down to the properties these
nanoparticles possess. In the last decade, the toxicity effects of nAg have been thoroughly
evaluated in bivalves, with a focus on gills and digestive glands, haemocytes and even
embryonic development (Auguste et al., 2018; Carrazco-Quevedo et al., 2019; Gomes et al.,
2013; Ringwood et al., 2010). However, the effects of oxidative stress in the gonads of bivalves
remain scarce. The primary mechanism of nAg toxicity when crossing cell membranes is the
dissolution (McQuillan et al., 2012) and the release of antimicrobial silver ions that may
interact with and influence the function of thiol-containing proteins found in the cell wall
(Mikhailova, 2020). The reproductive organs of mussels prior to nAg exposure are susceptible
to impaired gamete viability, reduced fertilisation success, and malformations of embryo-larval
development, all possible outcomes of toxicity in mussel gonads. During the 21-day exposure
to nAg, the ADS was activated, although the activities of GST (Fig. 5.1) and the GPx enzyme,
which reduces lipid peroxides and protects against apoptosis, were inhibited.

Consequently, nAg exposure led to oxidative damage in mussel gonads (Fig. 5.2.). With
mussel gonads compromised, gametogenesis and fertilisation success may be hindered. In the
oyster, Crassostrea virginica, 1.6 pg/L of nAg (15 + 6 nm) after a 48h exposure, a lysosomal
destabilisation increase in oyster gonads, suggesting a high level of impaired gamete viability
and reproductive failure, which was further supported by the decrease in embryonic
development (Ringwood et al., 2010). Moreover, the spawning level success of female M.
galloprovincialis fed with Isochrysis galbana exposed to 10 pg/L of PVP/PEI coated nAg
(5.08 +2.03 nm; 21 d) was affected and triggered reproductive impairment that could impact
populational fitness of mussels (Martinez, 2019). According to the IBR score, the most
problematic time of exposure, as well as the most compromising, is after 14 days for nAg-
exposed gonads. Therefore, chronic exposure to nAg is concerning as the reproductive success
of mussels is at stake. Additionally, this time-dependent response has been observed in other
studies (Carrazco-Quevedo et al., 2019; Gomes et al., 2013). However, the primary mode of
action of nAg remains unclear, and further assessments are needed to determine whether

dissolved Ag" ions released from nAg bind to organic matter present in the FSW.
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Translocation of PS-NPs can occur through the bloodstream. However, due to the nano-
size range, they may also cross cellular boundaries and be translocated to other mussel tissues
(Sendra et al., 2020c), like the gonads. The ADS was not overwhelmed by PS-NP exposure and
prevented oxidative damage from occurring. Compared to other tissues, in mussel’s gills and
digestive gland, ADS is compromised, and oxidative damage does occur, with gills the tissue
most compromised (10 pg/L; 50 nm; 21 d) (Gongalves et al., 2022b; Chapter 3). Oxidative
damage also occurred in the digestive glands of M. galloprovincialis after 21 days of exposure
to PS-NPs (50 nm; 150 ng/L) (Capolupo et al., 2021). IBR score for PS-NPs (Fig. 4) indicates
that exposure durations of 7 and 21 days are the most critical time points for mussel gonads,
relating to the activation and inhibition of the ADS. Furthermore, the PCA confirms that the
effects of PS-NPs, when compared with other treatments, are negatively correlated (Fig. 5.3.).

5-FU is known to cause genotoxicity in mussel haemolymph (Gongalves et al., 2022a;
Chapter 4), and with its primary MoA being the substitution of the pyrimidine analogue uracil
for its fluoro-nucleotides (Matuo et al., 2009), the damage in DNA is expected. However, in
relation to the ADS and oxidative damage, the gills and digestive gland of M. galloprovincialis
exposed to 10 ng/L for 21-d showed that the ADS could counteract ROS generation and led to
no oxidative damage. Although the ADS activated in mussel gonads exposed to 5-FU,
inhibition of GST activity was sufficient to see an increase in oxidative damage. Cellular
membranes in the gonads are imperilled after exposure to 5-FU, suggesting that this toxicity
may affect gonadal development and reproductive success. If robust oocytes and spermatozoa
are unsuccessfully liberated into the water column, and embryo-larval development is
jeopardised, a cascading effect in populational dynamics will be seen in future years. With the
increase in the prescription of chemotherapeutical cytotoxic agents, being that breast (8567
cases), prostate (6912 cases) and colorectal cancer (5483 cases) were the most diagnosed
cancers in Portugal in 2019 (Instituto Nacional de Estatistica Statistics Portugal, 2021), the
insufficient treatment and removal of cytotoxic agents by WTTP is highly concerning for the
marine environment as well as for human health.

Mixtures of CECs in mussel gonads presented antagonistic and synergistic interactions
(Table 1 — 2). After 3 days of exposure, synergistic interactions between nAg, PS-NPs and 5-
FU are noted, coinciding with the 57-fold increase in oxidative damage compared to the
individual exposures. However, on the remaining days of exposure, antagonistic interactions
were found. This suggests that metal nanoparticle — nanoplastic — pharmaceutical interactions
are severely hazardous towards the marine environment at sub-lethal exposures. Nonetheless,

the insufficient effort from the ADS and the high levels of LPO indicate reproductive
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impairment in mussel gonads, as a continuous increase in the ADS activity requires the energy
typically directed towards growth and reproduction (Trestrail et al., 2020). IBR score for the
Mix also confirms day 3 of exposure as the most jeopardising (Fig. 4). It is deducible from the
PCA that the most influential contaminants in the toxicity of Mix are nAg and 5-FU (Fig. 5.3.).
The antagonistic effects on the biomarkers assessed in mussel gonads exposed to Mix suggests
that nAg anti-septic properties may be cancelling out the toxicity of 5-FU. However, binomial
mixtures are necessary to establish this result fully. However, concerning genotoxicity, the
ability of 5-FU to incorporate its fluoro-nucleotides is not diminished by the presence of either
nAg or PS-NPs (Gongalves et al., 2022a; Chapter 4). Knowingly as vectors (Xiang et al., 2022),
the adsorption of other contaminants, such as pharmaceuticals and nanoparticles, by
nanoplastics can explain the synergistic interaction encountered after acute exposure. Other
studies have examined the interaction of CECs in a binomial complex (Almeida et al., 2019;
Essawy et al., 2021; Sun et al., 2023). Almeida et al. (2019) found that effects on CAT activity
were possibly due to the transfer of contaminants onto PS-NPs (propanol + PS-NPs, 10 mg/L,
24h) in a fish cell line of Sparus aurata.

On the other hand, antagonistic interactions between PS-NPs and nAg were noted in human
undifferentiated Caco-2 cells (0 — 5 nAg pg/L + 0 — 100 PS-NPs ug/L; 24 h), whereby the
nAg/PS-NPs complex modulated the cell’s uptake of nAg and slightly changed nAg toxicity
(Domenech et al., 2021). Whilst, synergistic interactions of biosynthesised nAg, rutin (R), and
heliomycin (H) demonstrated a dose-dependent antimicrobial efficacy against two fish
pathogens (4deromonas hydrophila and Pseudomonas fluorescens) (24 h; 56 nm; 1 ng/L nAg +
64 — 512 pg/L of R and H) (Essawy et al., 2021). Therefore, understanding the interactions
between metal nanoparticles, nanoplastics, and pharmaceuticals highly depends on the
contaminant, concentration, size, and exposure time. Specifically, results suggest that mixtures
at sub-lethal exposures were most toxic in mussel gonads, with CECs exhibiting synergistic
toxicity. Furthermore, although antagonistic interactions were noted on the remaining exposure
days, levels of oxidative damage remained elevated compared to controls and those exposed to
PS-NPs. The implications for gonadal development, gamete viability, successful fertilisation,
and embryo-larval development are concerning based on the current results. If verified,
populational dynamics and ecosystem balance are at risk. Therefore, enhancing risk-
assessment strategies and developing new technologies for treating and removing CECs in
wastewater treatment plants is highly advisable. In Europe, mussels hold significant social and
economic value. For instance, in Portugal, a 47.5% increase in mollusc aquaculture was

reported in 2020 (9863 tons), with mussel aquaculture production rising by 37.7% (2007 tons)
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(GRMYV, 2021). In Portugal, mussel aquaculture primarily occurs in coastal areas, where CECs
may be present in the surrounding waters. Consequently, not only may CEC mixtures affect
the reproductive success of mussels and impact the aquaculture of mussels, but they can also

have detrimental effects on marine biodiversity and human health from shellfish consumption.

5.5. Conclusion

The data set obtained herein suggests that the mixture of silver nanoparticles, polystyrene
nanoplastics, and 5-fluorouracil is more toxic than its counterparts. The mixture exhibits high
acute toxicity towards the reproductive organs of mussels, characterised by synergistic
interactions, while antagonistic interactions between CECs occur during chronic exposures.
However, oxidative damage is inevitable regardless of these synergistic or antagonistic
interactions. Therefore, further investigation into complex mixtures and their toxicity is
necessary to fully establish the mechanisms by which these CECs interact. Additionally, the
toxic effects of CECs should be assessed in mussel gonads, accounting for female and male
differences, to better understand how reproduction may be affected. Moreover, as the
production of nanosilver-based consumer products, plastic pollution, and chemotherapeutic
agents rise alongside increasing cancer diagnoses, the technologies for treating and removing
CECs in WTTP need to be revised and enhanced. The development of novel risk—assessment

strategies and regular monitoring of CECs is also advised.
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CHAPTER VI

Gender effects of nanoplastics and emerging

contaminants mixtures in Mytilus galloprovincialis.
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Abstract

The reproduction of mussels occurs within the water column, and if gametogenesis is
successful, gametes are exposed to the surrounding contaminants. Nanoplastics and other
emerging contaminants have been gaining vast attention; however, their effects on the
reproductive tissues of mussels with sex differentiation are scarce. Here, the effects of
polystyrene nanoparticles (50 nm; 10 pg/L), the cytotoxic drug 5-fluorouracil (10 ng/L), and a
mixture of the two were evaluated in the gonads of Mytilus galloprovincialis after a 21-day
exposure for a multi-biomarker assessment, and after 28 days for the ingestion of nanoplastics.
The effects on the activity of superoxide dismutase, catalase, glutathione-S-transferase, and
lipid peroxidation were evaluated. Moreover, synergistic and antagonistic interactions in the
mixture were calculated. A weight of evidence model was also used to elaborate on the
hazardous level of biomarker results relative to polystyrene nanoparticles alone and in the
mixture. The ingestion of nanoplastics appeared gender and time-specific, with females mostly
compromised. According to the data set, a synergistic interaction between the cytotoxic drug
and the nanoplastics makes the combination far more dangerous than individual stressors. The
Weight Of Evidence model also confirms that females are more compromised at chronic
exposure times than males. This study shows that the uptake, fate, and impact of emerging

contaminants of concern can be significantly influenced by sex.
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6.1. Introduction

The marine mussel Mytilus galloprovincialis is an excellent sentinel organism for
ecotoxicological studies and an essential species in the Mediterranean ecosystem. The
reproduction of this species occurs within the water column. Once gametes are ripe, mussels
liberate oocytes and spermatozoids into the ocean, and fertilisation occurs outside the
organism. During gonad maturation, energy storage is crucial for both oocyte and spermatozoa
development and release. The reproductive capacities of mussels, such as the quality of oocytes
and spermatozoa, as well as embryo-larval development, are influenced by the availability of
food sources (Fearman et al., 2009). Throughout the ripening of female gonads, lipid content
increases as a source of energy during gametogenesis and the development of the embryo and
larvae (Martinez-Pita et al., 2012). However, despite food availability, contaminants in the
ocean can lead to adverse effects on the reproductive cycle of mussels; for example, if
nanoplastics (NPs) are ingested by mussels, they can act as a low or non-nutritional food
(Wegner et al.,2012). NPs (1 — 1000 nm) are a class of emerging contaminants, and their effects
on the marine environment and consequences on reproduction are still elusive. In 2022, 390.7
million tons of global plastic production was reported (Plastics Europe, 2023). Plastic litter,
along with the consequences of illegal dumping, waste mismanagement, and lack of treatment
for the removal of plastic debris in wastewater treatment plants (WTTPs), make it necessary to
evaluate not only the direct adverse effects on the overall organisms' health status but also how
these particles can adversely affect the reproductive cycle of mussels. When contaminants
negatively affect gonadal development and accumulate in gametes, this can substantially
impact the ecosystem by reducing the population's ability to generate healthy offspring,
reducing fertilisation success, impeding larval growth and, as a result, placing biodiversity at
risk.

In the ocean, NPs can derive from the breakdown of larger plastic particles, classified
as secondary NPs, or may be introduced already at the nanoscale, known as the primary NPs
(Gongalves & Bebianno, 2021; Chapter 1). Because of their small size, whether primary or
secondary, NPs can cross cellular boundaries and is a significant concern, as not only can they
enter the tissues and bloodstream of the mussels, but they can also enter spermatozoa and
oocytes (Gonzalez-Fernandez et al., 2018; Tallec et al., 2018). In the case of spermatozoa, the
infiltration of NPs can lead to a reduction of sperm release, inhibition of sperm motility, and
DNA damage (Lewis & Ford, 2012). Oocytes are also in jeopardy, as NPs can cause a decrease
in successful fecundity and numerous malformations, including total development arrest

throughout the embryo-larval development (Tallec et al., 2018).
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A mimicking of coastal activities on a polystyrene (PS) cup and lid revealed the
formation of nanoscale particles after five minutes (Ekvall et al., 2019). Considering that PS is
the fourth most abundant plastic produced (e.g. packaging, building and construction) and is
not recyclable (The Waste and Resources Action Programme, 2023), it is fundamental to
understand how PS nanoplastics (PS-NPs) affect the reproductive tissues of mussels. In the
gonads of M. galloprovincialis, exposure to PS-NPs for 21 days caused oxidative stress, but no
oxidative damage was observed (10 pg/L; 50 nm) (Gongalves & Bebianno, 2023; Chapter 5).
Evaluating if different effects occur on mussels' gender can help to shed light on how PS-NPs
can affect the reproductive organs of mussels. Additionally, through sorption mechanisms,
plastics can function as vectors for other contaminants in the ocean. NPs have larger surface
areas than larger plastic particles, increasing their potential biological effect (Ferreira et al.,
2019; Mattsson et al., 2018). Pharmaceuticals are listed as contaminants of emerging concern
(Kumar et al., 2022). As the number of cancer patients receiving cytostatic drug-based
chemotherapy increases, these chemicals are rarely fully metabolised and then released into
the water system, barely modified (Trombini et al., 2016). The 5-fluorouracil (5-FU) (IARC
Class 3) is one of the most widely used pharmaceutical compounds for treating colorectal,
pancreatic, and breast cancer (Mahnik et al., 2007) tumours. As a pyrimidine analogue of uracil,
5-FU has a fluorine atom in its place, and the misincorporation of its fluoro-nucleotides into
nucleic acids is a considerable concern for the aquatic environment. Moreover, 5-FU causes
the release of cytochrome ¢ from the mitochondria, promoting the production of reactive
oxygen species and leading to oxidative stress (Gongalves et al., 2022a; Chapter 4). In the
gonads of M. galloprovincialis, a 21-day exposure to 10 ng/L of 5-FU caused a 33-fold increase
in oxidative damage after 7 days (Gongalves & Bebianno, 2023; Chapter 5).

These contaminants inevitably mix in the ocean, and 5-FU may be adsorbed onto the
PS-NPs, leading to more adverse effects. For instance, extensive oxidative damage was seen
in the gonads of M. galloprovincialis, with lipid peroxidation levels increasing 57—fold after
three days of exposure to a mixture of emerging contaminants (10 ng/L of 5-FU, 10 pg/L of
PS-NPs, and silver nanoparticles (50 and 20 nm, respectively) (Gongalves & Bebianno, 2023;
Chapter 5).

With the potential adsorption of 5-FU onto PS-NPs, the increase in toxicity is likely to cause
more harm to female mussels than males, as females require twice the lipid content as an energy
source during gametogenesis (Gao et al., 2022; Gongalves et al., 2020). Consequently,
malformation of oocytes can occur and disrupt the reproductive success of mussels. The

concentrations of NPs in rivers, seas, and nature reserves in Asia, Europe, Antarctica, and the
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Arctic Ocean vary from 0.3 to 488 pg/L (Shi et al., 2024). Predicted environmental
concentrations of 5-FU range from 0.01 to 41 ng/L in surface waters (Misik et al., 2019).
Therefore, this study aims to evaluate the gender-specific effects of polystyrene nanoplastics
(PS-NPs, 50 nm, 10 pg/L) and 5-fluorouracil (5-FU, 10 ng/L) individually and as a mixture
(10 pg/L of PS-NPs + 10 ng/L of 5-FU) in the reproductive tissues of Mytilus galloprovincialis,
after 21-days of exposure. To comprehend these effects, antioxidant enzymatic activities and
oxidative damage analysed the antioxidant capacity of male and female mussels, and the
ingestion of PS-NPs was also evaluated (28 days) to understand whether there is sex-specificity
towards the ingestion of these particles. Antagonistic and synergistic interactions were also
calculated, and parameters were further integrated into a weight-of-evidence model to assess

the biological risk of these compounds.

6.2. Materials and Methods

6.2.1. Polystyrene nanoplastics (PS-NPs)

Fluoresbrite® Plain YG spherical polystyrene nanoplastics with a size of 50 nm (CAS
9003-53-6) were provided by Polysciences, Inc. (Germany). The abundance of salt in fresh
seawater triggers aggregation/agglomeration kinetics, increasing the hydrodynamic diameter
of PS-NPs (852 + 103 nm). Further details on PS-NP characterisation can be accounted for in
Gongalves et al. (2022b) (Chapter 3).

6.2.2. S5-Fluorouracil (5-FU)

The cytotoxic drug 5-FU (CAS 51-21-8) was purchased from Sigma Aldrich, Inc. A
class II biological safety cabinet and the correct clothing equipment (double powder-free latex
gloves, a protective lab coat with an open back resistant to chemotherapy, and safety goggles)
were used to ensure the safety of this pharmaceutical. Successive dilutions were performed

using Milli-Q water to reach a final exposure concentration of 10 ng/L.

6.2.3. Experimental Design
Mussels, Mytilus galloprovincialis (50 mm = 5 mm), were sampled from the Ria
Formosa Lagoon in the Southeast of Portugal (37°00'30.6"N 7°59'39.6" W), brought to the lab,
scraped clean and placed into 30 L tanks (25 L of FSW) with a ratio of 2 mussels/L, in a
triplicate design. After a four-day acclimatisation period, mussels were exposed to 10 pg/L of

PS-NPs, 10 ng/L of 5-FU, and a mixture of 10 ug/L of PS-NPs and 10 ng/L of 5-FU, for a total
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of 21 days. Contaminants and seawater were renewed every two days, concentrations were re-
established, and mussels were sampled at 0, 3, 7, 14, and 21 days of exposure for consequent
multi-biomarker evaluation. For ingestion purposes, unexposed mussels and those exposed to
PS-NPs were exposed for an additional 7 days (sampling days =0, 3, 7, 14, 21, and 28 days).
On sampling days, the gonads of mussels were dissected and immediately frozen in liquid

nitrogen and stored at -80°C until further analysis.

6.2.4. Quality control and assessment
To bypass further plastic contamination, including airborne pollution, all tanks had a
glass lid and glass pipettes for aeration, and no gloves or plastic equipment were used during

tissue dissection.

6.2.5. Sex identification
For sex determination, an aliquot of each sample was analysed under an optical
microscope (Compound Light Microscopy) at 400x magnification to determine whether
oocytes or spermatozoa existed (Table 6.1.). To preserve the samples for later analysis, they
were labelled according to gender and kept at -80°C. Where possible, a sample size of n=5

males and n=5 females was used (Table 6.1.).

Table 6.1. Number of M. galloprovincialis mussels identified as male and female for analysis.

Treatment
Time CT PS-NPs 5.FU Mix
(days)
3 ? 3 ? 3 ? 3 ?
0 5 5 5 5 5 5 5 5
3 4 6 5 4 4 6 5 5
4 6 5 5 5 5 5 5
14 5 5 3 7 5 5 5 5
21 5 5 5 5 5 4 5 5

6.2.6. Ingestion
The ingestion of PS-NPs was assessed in mussel gonads exposed to 10 ug/L of PS-NPs
utilising a fluorescence-based methodology using the molecular rotor probe 9-(dicyanovinyl)-
julolidine (DCV1J), following Gagné (2019) method. First, male and female gonads of mussels
were homogenised individually at 20% (w/v) in an ice-cold buffer solution (50 mM NaCl, 10

-134 -



mM Hepes - NaOH [pH 7.4], 1 mM EDTA, and 1 mM DTT), using a VWR Star-Beater (5 min,
20/s shaking, with grinding balls). To separate the cytosolic fraction, samples were centrifuged
for 20 min (2°C, 15 000 g), and the resultant supernatant was immediately frozen (-80°C) until
further investigation. Then, samples were examined using a Berthold Tristar 5
spectrofluorometric microplate reader, with excitation at 450 nm and 400—-800 nm emission
spectra. PS-NPs have a wavelength of 510 nm, and results are compared to controls of PS-NPs

g/g wet weight.

6.2.7. Antioxidant enzymes

Following Geret et al. (2002), male and female mussel gonads were homogenised in 5
mL of 20 mM Tris-Sucrose buffer (0.5 M Sucrose, 0.075 M KCI, 1 mM DTT, 1 mM EDTA,
pH 7.6) using a VWR Star-Beater (5 min, 20/s shaking, with grinding balls). The cytosolic
fraction was collected after two centrifugations (1°: 1,500 g for 15 minutes at 4°C; 2°: 12,000
g for 45 minutes at 4°C). The activities of the antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT), and the activity of the biotransformation enzyme glutathione-S-
transferases (GST) were then examined in the aliquots.

Using the Bradford (1976) method, all enzymatic activities were standardised against
total protein concentrations. Bovine serum albumin (BSA) was used as a reference to quantify
total protein concentrations (mg protein g tissue), which were then calibrated for a microplate
reader.

The reduction in cytochrome c absorption by the xanthine oxidase/hypoxanthine
system at 550 nm was used to calculate SOD activity, and the results were reported as U mg™!
protein (McCord & Fridovich, 1969).

Following Greenwald's (1985) methodology, CAT activity was measured by measuring
hydrogen peroxide (H202) consumption at 240 nm using a spectrophotometric method. The
data is expressed as mmol min 'mg protein!.

Based on the method developed by Habig et al. (1974), the GST activity was measured
using an Infinite® 200 microplate reader (Pro-Tecan) by conjugating 0.2 mM reduced
glutathione (GSH) with 0.2 mM 1-chloro-2,4-dinitrobenzene (CDNB) in a reaction mixture of
0.2 M KH2PO4/K2HPO4 buffer (pH 7.9). Data is displayed in units of mol CDNB min! mg'!

protein.
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6.2.8. Lipid peroxidation

Individual male and female mussel gonads were homogenised in 5 mL of a 1:10 ratio
of butylated hydroxytoluene and 0.02 M Tris-HCI buffer (pH 8.6) using a VWR Star-Beater (5
min, 20/s shaking, with grinding balls). Homogenates (3 mL) were centrifuged at 30,000 g for
45 minutes at 4°C to determine the total protein and LPO amounts. The levels of LPO were
calculated in units of nm/mg protein using a technique derived from Erdelmeier et al. (1998)
using the absorbance of malondialdehyde (MDA) and (2 E)-4-hydroxy-2-nonenal (HNE) at
540 nm. Results are expressed as MDA (nmol/mg prot).

6.2.9. Model for Synergistic or Antagonistic Effect

Synergistic and antagonistic interactions were computed based on Ritz et al. (2021)
single-dose factorial design for binary combinations. This method produces four treatments by
combining two components (two contaminants) with two levels: control, PS-NPs, 5-FU, and a
combination of the two (Mix). Only for the concentrations utilised in this evaluation—10 g/L
of PS-NPs, 10 ng/L of 5-FU, and Mix (10 g/L of PS-NPs + 10 ng/L of 5-FU—is the declaration
of an opposing or complementing influence valid. The following dose addition and
independent action models were used to calculate values for all sampling intervals (0, 3, 7, 14,

and 21 days) and all biomarkers (SOD, CAT, GST activity, and LPO levels) examined:

6.2.9.1. Dose addition

Eqaa = (ESFU - Econtrol) + (EnPS - Econtrol)

The difference (Das) between the actual response (control) and the previously expected
impact can characterise any antagonistic or synergistic effect. The following equation

defines the difference:

Dyo = Emix — Espy — Enps + Econtrot
6.2.9.2. Independent action

Eypy = Espy X Enps

(Econtrot)?
Under the presumption of independent action, every antagonistic or synergistic
effect can be described as the difference (Dis) between the observed and reference

effects. The following equation defines the difference:
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Diq = Emix — Eina

6.2.10. Statistical Analysis

The software program GraphPad Prism, version 9.4.1 (GraphPad Software, Inc. CA),
was used for all statistical analyses. The significant differences between treatments, time, and
sex were evaluated using parametric tests (ANOVA, followed by Tukey's posthoc test) or non-
parametric equivalent tests (Kruskal-Wallis and a two-tailed multiple comparisons test), as
determined by data distribution and variance homogeneity (Shapiro-Wilk test). The results
were significant if p < 0.05.

The relationship between treatments (unexposed and exposed to PS-NPs, 5-FU, and
Mix) and the measured parameters [activities of antioxidant and biotransformation enzymes
(SOD, CAT, GST) and oxidative damage (LPO)] in mussel gonads over the exposure period
(21 days) was also examined using a Principal Component Analysis (PCA). A t-test using
Microsoft Excel (Microsoft Corporation, 2018) was used to analyse statistical differences for

IBR, and findings were deemed significant when p < 0.05.

6.2.11. Weight of Evidence (WOE)

A quantitative Weight of Evidence model (WOE, Sediqualsoft) that provides a synthetic
hazard index based on a specifically developed algorithm and mathematical procedure was
used to elaborate the results from data on general cellular biomarkers (SOD, CAT, GST, and
LPO) for male and female gonads exposed to different conditions (PS-NPs, 5-FU and Mix)
over 21 days (Regoli et al., 2019). The size of the observed change for each biomarker under
analysis is compared to a predetermined threshold after being adjusted for the biological
endpoint (weight)'s toxicological relevance and the statistical significance of the difference
from controls. In-depth descriptions of complete computations, intricate flow charts, the
justification for weights, thresholds, and expert opinions have previously been provided

(Regoli et al., 2019).

6.3.  Results
6.3.1. Ingestion
The ingestion of PS-NPs in male and female mussels is significantly different after 14,
21 and 28 days of exposure, with higher levels of particles occurring in female gonads (Fig.

6.1.; p<0.05). Comparing the ingestion by males over time, there is a significant increase at 7,
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14 and 21 days (p<0.05) compared to other time points. For females, there are more significant
differences between exposure times, with an initial increase observed at 7 days and the highest

and most significant increase in PS-NP ingestion occurring at 14 days of exposure (p<0.05).
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Figure 6.1. Ingestion of PS-NPs relative to controls (ug/g wet tissue) (mean =+ std) in gonads of male
(blue) and female (red) M. galloprovincialis and after 28 days of exposure to polystyrene nanoparticles
(PS-NPs; 10 pg/L). Significant disparities between the sexes for the same time and between times for
the same sex are indicated by different upper- and lower-case letters. (p<0.05).

6.3.2. Oxidative stress

Significant male and female differences are observed in the first line of defence of
mussel’s antioxidant system (SOD) after exposure to either treatment (Fig 6.2.A-B). A marked
difference can be noted between unexposed male and female gonads at the beginning of the
experiment (p<0.05), whereby female mussels have a significantly higher activity of SOD.

The SOD activity in males exposed to Mix significantly decreased after 3 days of
exposure and is significantly different to females that present a higher activity, despite being
significantly different from other treatment groups on that day (p<0.05, Fig 6.2.A-B).
Furthermore, after 7 days of exposure, females exposed to 5-FU have a significant reduction
in the activity of SOD compared to males. After 14 days, the same pattern is noticeable in Mix-
exposed females (p<0.05). Observing male gonads individually, the most significant times of

exposure and treatments are Mix-exposed gonads at 3 days and 5-FU-exposed males at 21 days
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(p<0.05). Females, on the other hand, have a significant reduction of SOD activity in PS-NPs,
5-FU and Mix exposed gonads after 7 days, and low activity is observed until the end of
exposure apart from the increase in activity observed in PS-NPs gonads at 21 days (p<0.05).

The activity of CAT after 21 days of exposure to various treatments is very different when
looking at male and female results (Fig. 6.2.C-D). Apart from significant differences in
unexposed males and females at 7 and 14 days (p<0.05), a significant inhibition of CAT activity
is observed after 3 days in Mix-exposed males, at 7 days in PS-NPs exposed males and in the
three exposure treatments at 21 days compared to females (p<0.05). Generally, males present
a more significant decrease in CAT activity than females (p<0.05), except for PS-NPs exposed
gonads at 21 days.

On the other hand, in both males and females, the biotransformation enzyme activity
shows a similar pattern along the time of exposure (Fig. 6.2.E-F). The most noteworthy
significant differences in GST activities between sexes are observed after 3 days of exposure
in 5-FU-exposed mussels, with GST activity in male mussels decreasing in comparison to the
increase observed in females (p<0.05) and at 21 days of exposure in PS-NPs gonads, being the

increase in GST activity higher in females than that seen in males (p<0.05).
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Figure 6.2. The activity of superoxide dismutase (SOD) (A-B), catalase (CAT) (C-D), glutathione-S-
transferase (GST) (E-F) (mean = std) in unexposed (CT) gonads of male (blue) and female (red) M.
galloprovincialis and after 21 days of exposure to polystyrene nanoparticles (PS-NPs; 10 pg/L), 5-
Fluorouracil (5-FU; 10 ng/L), and of a Mixture of the two contaminants (PS-NPs + 5-FU). Different
upper- and lower-case letters indicate significant differences between treatments for the same time and
between times for the same treatments, respectively (p<0.05). “*’ indicates significant differences
between sexes for the same time and treatments (p<0.05).
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6.3.3. Oxidative damage
Lipid peroxidation levels in male and female mussels are significantly different, with
a higher level of oxidative damage in female mussels (Fig. 6.3.). In comparison to other
treatments and unexposed male gonads, there is a considerable increase in LPO levels after 3
days of PS-NP exposure. At this time, males are also considerably different from females.
Compared to males, an increase in female LPO levels occurs after 14 days of exposure to PS-

NPs and at 21 days in 5-FU-exposed gonads.
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Figure 6.3. Lipid peroxidation levels (mean =+ std) in unexposed (CT) gonads of male (blue) and female
(red) M. galloprovincialis and after 21 days of exposure to polystyrene nanoparticles (PS-NPs; 10
ug/L), 5-Fluorouracil (5-FU; 10 ng/L), and of a Mixture of the two contaminants (PS-NPs + 5-FU).
Different upper- and lower-case letters indicate significant differences between treatments for the same
time and between times for the same treatments, respectively (p<0.05). ‘*’ indicates significant
differences between sexes for the same time and treatments (p<0.05).

6.3.4. Principal component analysis (PCA)

The impact of PS-NPs, 5-FU and a mixture of these two emerging contaminants (Mix)
was evaluated in both male and female gonads of mussels’ response in assessed biomarkers
(SOD, CAT, GST and LPO) using PCA (Fig. 6.4.). In male gonads, the two principal
components account for an overall variation of 79.5% (PC1 =46.4%, PC2 =33.1%, Fig. 6.4.A),
whilst for female’s the overall variation equal to 83.6% (PC1 = 47.1%, PC2 = 36.5%, Fig.
6.4.B). In both sexes, CAT and LPO are the principal biomarker loadings affecting PC1. In
contrast, SOD, CAT, and GST are the primary biomarker loadings affecting PC2 in females,
with the addition of LPO in males. A positive relationship of PS-NPs at 14 days is noticeable
in both males and females in PC1; in PC2, a positive relationship is only noteworthy in male
gonads at 3 and 14 days of exposure. For 5-FU exposed mussels, day 21 of exposure is

positively related to both principal components analysed. The most time-points positively
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related to PC1 are found in Mix-exposed mussels, as males are at 3, 7 and 14 days of exposure,
with 3 days being the most influential. In contrast, females are at 7, 14 and 21 days, with 21
days having the most influence. Overall, mussels exposed 21 days to 5-FU are mostly
compromised in male and female gonads. However, the mixture of the two emerging

contaminants is the most prejudicial at several time points for both male and female mussels.
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Figure 6.4. Principal component analysis (PCA) of biomarkers (SOD, CAT, GST activities and LPO)
in (A) male gonads (b/ue) and (B) female gonads (red) of M. galloprovincialis from controls and those
exposed to polystyrene nanoplastics (PSNPs), 5-Fluorouracil (5-FU) and a mixture of the two
contaminants (Mix) for 21 days (p<0.05).
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6.3.5. Synergistic or Antagonistic effect

Tables 6.2. and 6.3. show calculated synergistic and antagonistic interactions between
PS-NPs and 5-FU in the mixture (Ritz et al., 2019).

According to the difference of dose addition (Daa) (Table 6.2.), antagonistic interactions
are observable at 3 and 21 days of exposure when assuming a difference in dose addition and
synergistic interactions at the other time points. On the other hand, when assuming the
independent action (Dia) of pollutants, the results of male and female gonads of synergistic and
antagonistic effects differ slightly for each biomarker (Table 6.3.). However, a synergistic
interaction is observable at all exposure times and in every biomarker evaluated, suggesting an

adsorption mechanism of pharmaceuticals onto plastic particles, potentiating the toxic effects

of 5-FU.

Table 6.2. Difference of dose addition (Dga). Dda is under the assumption of dose addition (sum of
differences relative to the control group) for the contaminants when applied alone (adapted from Ritz
et al., 2021). An antagonistic or synergistic effect is indicated when Dda is below or above 0.

Exposure time SOD CAT GST LPO
(A ? 3 3 Q
3 -118 -34 -28 -15 12 -23 -8 3
7 4 82 59 24 15 46 1
14 38 42 27 27 49 54 -10 -16
21 -55 -15 -106 -48 -280 -311 -6 -119

Table 6.3. Difference of independent action (Di,). Dia is under the assumption of independent action of
the contaminants (adapted from Ritz etal., 2021). An antagonistic or synergistic effect is indicated when
Dia is below or above 0.

Exposure time SOD CAT GST LPO
(o) ? 3 3 Q
3 83 149 26 33 48 55 -5 5
7 12 104 10 34 51 63 8 5
14 56 64 59 45 56 82 8 7
21 75 34 38 35 19 26 10 2

6.3.6. Weight of Evidence (WOE)

The overall WOE elaboration of biomarker results (Tables 6.4. and 6.5.) indicated
increased cellular hazard in both males and females. For male gonads, a Major hazard level is
observed at 21 days of exposure to PS-NPs and 5-FU, whilst this Major hazard level is kept at
3 and 21 days in those exposed to the Mix. For females, on the other hand, a Major hazard level

is observed in both exposure treatments (NPs and Mix)at 14 and 21 days of exposure, while in
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mussels exposed to 5-FU, it is Major only at 21 days. For males, at 21 days of exposure to PS-
NPs, SOD and GST are the biomarkers contributing to the Major and Severe effects established
by the model, respectively. Again GST, SOD and CAT contributed to Major hazard levels in
organisms exposed to 5-FU. Concerning the Mix exposure, after 3 days, SOD and CAT
contribute to the Major hazard level and LPO as Severe, whilst after 21 days, LPO and GST
both contribute to the Major hazardous level observed. In female mussels, the Major hazardous
level noted after 14 days in PS-NPs is relative to SOD and GST and at 21 days to LPO, with
the hazardous level reported for GST to be severe. Similarly, SOD and LPO contributed to the
Major hazard level in 5-FU-exposed mussels. In mix-exposed females, SOD is the most
contributing biomarker to the Major hazardous effect observed at both 14 and 21 days, with
GST also contributing at 21 days of exposure.
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Table 6.4. Weight of evidence (WOE) of 10 pug/L of PS-NPs, 10 ng/L of 5-FU and of a mixture of 10
pg/L of PS-NPs and 10 ng/L of 5-FU (Mix) in male gonads of M. galloprovincialis after 0, 3, 7, 14, and

21 days of exposure.

. . N. paramin . .
Sample code lN' pk:]:g]‘;;,r lN. p;‘z;g;;r class F pa;;lAlfl]glR lN' p;?‘rlnEanE Level of hazard for biomarkers
class class MODERATE class class
PSNPs-0 4 0 0 0 0 ABSENT \
H
PSNPs-3 3 0 0 0 L MODERATE
5 LPO J‘
2
PSNPs-7 2 0 CAT - SOD 0 0 MODERATE i \
PSNPs-14 1 L L L 0 MODERATE \
> CAT LPO GST J
1 1 1
PSNPs-21 1 0
| 2 b o A
5FU-0 4 0 0 0 0 ABSENT \
e ™
5FU-3 3 0 L 0 0 SLIGHT
: LPO \
5FU-7 2 ! L 0 0 SLIGHT \
LPO CAT \
5FU-14 2 L L 0 0 SLIGHT
: CAT GST \
2 1
Mix-0 4 0 0 0 0 ABSENT —~ \
. 2 1 A
: 1 1 1 \
Mix-7 1 Lro oD CAT 0 MODERATE ‘
: 1 \
Mix-14 LIGHT
ix 3 0 st 0 0 SLIG \
. 1 2
Mix-21 1 0 0
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Table 6.5. Weight of evidence (WOE) of 10 pg/L of PSNPs, 10 ng/L of 5-FU and of a mixture of 10
pg/L of PS-NPs and 10 ng/L of 5-FU (Mix) in female gonads of M. galloprovincialis after 0, 3, 7, 14,

and 21 days of exposure.

. . N.paramin . .
Sample code lN' p?:l:Sn;El;T lN. pgl:[r?;:llT class i\l pa;;A';glR lN. p;‘;{anll:E Level of hazard for biomarkers
class class MODERATE class class
PSNPs-0 4 0 0 0 0 ABSENT \
—
PSNPs-3 3 L 0 0 0 SLIGHT
5 LPO \
) 3
PSNPs-7 0 SOD - LPO - 0 0 MODERATE J\
CAT
GST
PSNPs-14 0 2 0 2 0
S LPO - CAT SOD - GST
1 1
PSNPs-21 2 0 0 LrO st /\
5FU-0 4 0 0 0 0 ABSENT \
~—
5FU-3 3 0 0 L 0 MODERATE \
: GST l
5FU-7 2 1 0 ! 0 MODERATE \
CAT SOD l
5FU-14 0 2 L L 0 MODERATE \
: SOD - LPO CAT GST J
1 1 1
SFU2l ! 0 CAT SoD LPO A
Mix-0 4 0 0 0 0 ABSENT ~ \
Mix-3 3 L 0 0 0 SLIGHT \
pe LPO N
: 1 \
Mix-7 3 50D 0 0 0 SLIGHT N
3 1 A
Mix-14 0 0 CAT - GST - 0
LPO SOb
. 1 2
Mix-21 ! 0 LPO SOD - GST 0 I'\
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6.4. Discussion

A successful reproduction period is vital for the future of all the species. In mussels,
many factors can influence reproduction after the release of gametes in the water column.
Primarily, the success of gametogenesis is crucial to guarantee the release of viable gametes.
Male gonads must be able to release viable spermatozoids without compromised swimming
ability, whilst the robustness of oocytes released by females is essential for fecundity purposes.
It is known that female mussels, throughout gametogenesis, require twice the energy content,
where lipids are an important component (Gao et al., 2022; Gongalves et al., 2020). Therefore,
to our knowledge, this is the first dataset on male and female differences in M. galloprovincialis
after exposure to PS-NPs, 5-FU and a mixture of these two emerging contaminants.

The ingestion of nanoplastics by filter-feeding organisms may compromise the immune
systems and lead to more complications such as impaired fertilisation and embryo-larval
development (Tallec et al., 2018; Auguste et al., 2021; Gongalves et al., 2022b; Capolupo et
al., 2021) (Chapter 3). The ingestion of PS-NPs (Fig. 6.1.) also provides evidence for the
differentiation observed in male and female gonads of mussels. The higher effects observed in
female oxidative damage are positively related to the ingestion of PS-NPs at 14 and 21 days.
Male mussels, on the other hand, have higher ingestion of PS-NPs at 7 days of exposure, which
was previously observed in the gonads of M. galloprovincialis with no sex differentiation
(Gongalves et al., 2023; Chapter 2), where translocation of PS-NPs was suggested between
tissues after evaluating the ingestion in the gills, digestive glands, and gonads of mussels (10
ug/L; 28 days). This is highly concerning as in oysters, for instance, the fertilisation rate
decreased after gametes were exposed to PS-NPs (10 pg/L; 50 nm; 1.5 h; Crassostrea gigas;
Tallec et al., 2018). Moreover, a reduction in sperm motility and agglomerates of PS-NPs was
encountered on the jelly-coatings of oocytes in C. gigas (PS-COOH and PS-NHz; 0.1-100
mg/L; 1, 3 and 5 h; Gonzalez-Fernandez et al., 2018). Additionally, malformations of D-larvae
after embryos of M. galloprovincialis were observed after exposure to PS-NPs (50 nm; 10
ug/L; 48 hours post fertilisation; Auguste et al., 2021). Exposure to 10 pg/L of PS-NPs (50 nm)
(Fig. 6.2.A-B) significantly inhibits the first line of defence in the mussels' antioxidant defence
system in both male and female gonads. However, this is not observed in gonads previously
assessed with no sex differentiation (Gongalves et al., 2023; Chapter 2). This increases the
importance of evaluating the ecotoxicological effects of contaminants in the gonads of mussels
with male and female differences. Also, this pattern is observable in other tissues, such as the
gills and digestive glands subjected to the same exposure conditions (Gongalves et al., 2022b;

Chapter 3). Antioxidant enzyme activity can continuously rise, requiring energy that could
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conflict with the energy required for development and reproduction (Trestrail et al., 2020).
Nanoplastics decrease fertilisation success in the oyster C. gigas (PS-NPs; 50 nm; 25 pg/mL;
Tallec et al., 2018) and cause malformations in embryo-larval development. Thus, when gonads
are compromised from the beginning, gametogenesis is hindered, and the release of viable
oocytes and spermatozoa may be jeopardised. Following the line of antioxidant defence, the
same pattern is observable in male and female gonads CAT activity, and there is a significant
difference between males and females after 7 and 21 days of exposure. Here, male gonads are
mostly compromised by exposure to PS-NPs. On the other hand, the effects of PS-NPs (50 nm;
10 pg/L) in gonads with no sex differentiation significantly inhibited CAT activity after 14 and
21 days (Gongalves et al., 2023; Chapter 2). In the digestive gland of M. galloprovincialis (50
nm; 150 ng/L; 21 days), there was a significant induction of CAT activity (Capolupo et al.,
2021), suggesting that before the translocation of PS-NPs to gonads, an abundance of energy
is being used to protect mussel’s immune system from PS-NPs, consequently jeopardising
energy used normally for growth and reproduction. However, in the gills and digestive glands
of M. galloprovincialis exposed to 10 pg/L of PS-NPs (50 nm; 21 days), these nanoparticles
caused an inhibitory effect of CAT activity throughout the exposure period (Gongalves et al.,
2022b; Chapter 3). Concentration, therefore, is an important factor when considering the
toxicity of nanoplastics, as the higher the concentration, the more particles are available for
aggregation/agglomeration (Gongalves et al., 2022b; Chapter 3), shifting the overall particle
size into the micro range. Thus, the bigger the particle aggregation, the less likely they are to
cross cellular boundaries, whether the gonads or oocytes and spermatozoa. The
biotransformation enzyme’s activity, GST, also presented inhibition after exposure to PS-NPs
in both male and female gonads, apart from increased activity on the 21 day, whereby gender
differences are observed. This increase in activity was also noteworthy in the digestive glands
of M. galloprovincialis exposed to 150 ng/L (21 days; 50 nm; Capolupo et al., 2021), though
not in M. galloprovincialis exposed to 10 pg/L (21 days; 50 nm; Gongalves et al., 2022b;
Chapter 3). Oxidative damage in female mussels was significantly higher than in males after
14 and 21 days of exposure. The antioxidant system was overwhelmed by the presence of PS-
NPs. Being that females need twice the lipid content as an energy source for gametogenesis,
these levels of lipid peroxidation imply that the formation and liberation of viable oocytes into
the water column for fecundity purposes are in jeopardy, leading to a possible decrease in the
generation of future populations. The increase in oxidative damage was also seen in M.
galloprovincialis gonads, without sex differentiation (50 nm; 10 pg/L; 21 days; Gongalves et

al., 2023; Chapter 2), as well as in other tissues ([50 nm; 150 ng/L; 21 days; Capolupo et al.,
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2021] and [50 nm; 10 pg/L; 21 days; Gongalves et al., 2022b; Chapter 3]). Thus, when gonads
are chronically exposed, these effects may occur at an earlier stage throughout the gametogenic
process, impairing the formation of viable oocytes and spermatozoa for release during
reproductive periods, and further investigation is necessary to comprehend the severity
nanoplastics can impose on the reproductive success of marine organisms. Additionally, an
assessment of the exposure of nanoplastics at different gamete developmental stages will help
unveil disparities in biomarker responses in both sexes, allowing the consideration of seasonal
variation (Blanco-Rayon et al., 2020).

Considering mussels exposed to 5-FU, as a cytotoxic drug with a known mode of action
being the misincorporation of its fluoro-nucleotides into DNA/RNA (Matuo et al., 2009), it is
expected that inviable oocytes and spermatozoa arise from the gametogenic process, and that
mal-formation of embryo-larval development occurs. Firstly, the antioxidant defence system
in male gonads counterbalances any reactive oxygen species generated by 5-FU, as no
oxidative damage is encountered; however, the opposite is observed in female gonads (Fig.
6.2. and 6.3.). The inhibition of SOD, CAT and GST observable at different times of exposure,
as a consequence of the overwhelm of the antioxidant defence system in females, determine
the oxidative damage increase at 21 days of exposure and is supported by the WOE. In other
tissues of M. galloprovincialis (10 ng/L 5-FU; 21 days; Gongalves et al., 2022a; Chapter 4),
the exposure to 5-FU did not cause oxidative damage, whilst when analysing the gonads of M.
galloprovincialis with no sex differentiation, this oxidative damage was observable after 7 days
of exposure (10 ng/L; 21 days; Gongalves & Bebianno, 2023; Chapter 5), whilst here the
oxidative damage is significantly induced in females at 21 days. This suggests that the 5-FU’s
mode of action has a more severe effect on mussel gonads than other tissues and that 5-FU has
a more severe effect on female gonads than males. Other pharmaceuticals evaluated with sex
differentiation have been shown to have an endocrine-disrupting effect in the gonads of M.
galloprovincialis (Gonzalez-Rey & Bebianno, 2012, 2013, 2014). Ibuprofen (250 ng/L; 15
days) had a more significant effect on male gonads, suggesting a possible impairment in
mussels’ reproductive fitness (Gonzalez-Rey & Bebianno, 2012), whereas diclofenac (250
ng/L; 15 days) exposure effects indicated alterations in the estrogenic activity and fluoxetine
(75 ng/L; 14 days) and caused an inhibitory effect on alkali labile phosphate levels (Gonzalez-
Rey & Bebianno, 2014). First and foremost, to comprehend the effects of 5-FU and other
cytotoxic drugs, there is a need to evaluate protein expression with male and female
differentiation exerting on the formation of oocytes and spermatozoa during the gametogenic

stages and how this can affect their viability once released into the water column during the
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reproductive stages. Moreover, further investigation into how the exposure of 5-FU affects
marine biota is crucial with the increase in the use of this drug in chemotherapy treatments for
breast, prostate, and colorectal cancer, as treatment and removal remain challenging for
wastewater treatment plants.

As most contaminants end up in the ocean, the mixture of these two emerging
contaminants is inevitable. A synergistic interaction between PS-NPs and 5-FU (Table 6.3.)
suggests that there is an adsorption mechanism occurring, as seen before for other
pharmaceutical compounds (Katsumiti et al., 2021; Zhou et al., 2021; Zhu et al., 2023), thus
increasing the effects of 5-FU in the organism, as well as potentiating the entrance routes of 5-
FU adsorbed onto PSNPs due to the nano-size range characteristic of these plastic particles,
and facilitating the crossing of cellular boundaries (Peng et al., 2020). The antioxidant defence
system's inhibitory effect is seen in male and female gonads exposed to the Mix, including
oxidative damage. Therefore, results suggest that the Mix is highly potent and that in the
gonads, both male and female mussels are compromised. Furthermore, the WOE supports that
the Mix is majorly hazardous for both sexes at 21 days of exposure, suggesting that longer
exposure times should be evaluated as, ultimately, the reproductive fitness of mussels may be
impaired, jeopardising viable future generations and potentiating an unbalance in the
ecosystem. Moreover, these effects can potentially reach humans through human shellfish
batch consumption, as, to date, the removal/treatment in WWTPs remains difficult for these
emerging contaminants. However, the adsorption mechanism between the pharmaceutical and
nanoplastic may be a gateway to aid in developing methodologies to improve wastewater

treatment plant protocols.

6.5.  Conclusion

Emerging contaminants and their effects on the marine environment are gaining much
attention; however, there is an urgent need to evaluate the effects on gender differentiation of
marine organisms. This study provides evidence for the ingestion of PS-NPs being sex and
time-specific, whereby females are the most compromised. Moreover, the data set provided
here suggests that the complex mixture of nanoplastics and cytotoxic drugs, two emerging
contaminants, are far more toxic than their counterparts, with a synergistic interaction
calculated between them. The weighted elaboration biomarker results confirm that female
mussels, compared to males, are majorly compromised at chronic exposure times, and this may
lead to an impairment of robust oocyte formation throughout gametogenesis and affect

reproductive success, with consequences for future generations. Nonetheless, males are also
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majorly jeopardised by exposure to these emerging contaminants at acute and chronic exposure

times, whereby spermatozoa motility and viability should be evaluated in future studies.
Overall, it is crucial to focus on how these emerging contaminants and others can affect

marine organisms with sex differentiation and evaluate their possible effects on reproductive

success to foresee the consequences they may bring on the whole ecosystem.
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CHAPTER VII

Gender differences in protein expression after
polystyrene nanoplastics exposure in mussels Mytilus

galloprovincialis.
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Abstract

Plastic pollution is a significant issue that the scientific community has been actively
studying due to its harmful effects on aquatic ecosystems. Nanoplastics can pass through
cellular barriers and enter the mussel's bloodstream. More worryingly, they can also penetrate
sperm cells and oocytes, potentially impacting their motility and resilience. Reproductive
success drives a shift in population dynamics and plays a vital role in maintaining a healthy
ecosystem. Proteomics helps detect more protein changes caused by exposure to contaminants,
such as nanoplastics, in marine organisms, providing deeper molecular-level insights into
contamination-induced cellular pathways. Therefore, this study aimed to utilise a high-
throughput proteomic approach to evaluate the impact of polystyrene nanoplastics (PS-NPs)
on the gonads of male and female M. galloprovincialis, using a SWATH-MS analysis after 21
days of exposure to 10 pg/L of PS-NPs (50 nm). The accumulation of PS-NPs was also
evaluated in male and female mussels. A comparison in protein expression of controls vs. those
exposed in male and female mussel gonads and between males and females was evaluated. The
findings indicate that PS-NP accumulation in male gonads alters protein expression more
significantly than in females, interfering with protein synthesis, energy production,
intracellular transport, and cellular homeostasis, possibly resulting in infertility. Female gonads
exposed to PS-NPs revealed disruptions in proteins associated with translation, RNA
processing and signalling, ribosome biogenesis, cell cycle regulation, and stress response.
Protein folding, lipid metabolism, and calcium signalling pathways were also affected, leading
to oogenesis, meiotic progression, intracellular transport, and energy metabolism impairments.
These disruptions ultimately impact reproductive success and cellular homeostasis, leading to

a decline in biodiversity.

7.1.Introduction

Plastic pollution is a significant problem the scientific community has been assessing
because of its toxicity in aquatic ecosystems. A rise in global plastic production (400.3 Mt)
was reported in 2022 compared to previous years; however, in Europe, there was a decrease of
1% compared to 2021 (PlasticsEurope, 2023). Nevertheless, despite programmes such as
Operation Clean Sweep®, which promotes the containment of plastic pellets along the entire
plastic value chain (www.opcleansweep.eu), plastics still find their way into the ocean. A
particular concern is nanoplastics (NPs; < 100 nm), with concentrations ranging from 0.3 to

488 pg/L in seas, rivers, and nature reserves throughout Asia, Europe, Antarctica, and the
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Arctic Ocean (Shi et al., 2024). Their small size and large surface area confer different toxic
properties than larger plastic particles. In marine biota, NP toxicity is associated with reduced
growth rates, energy and movement, stress, inflammation, and abnormalities (Kogel et al.,
2020). Energy storage for processes such as gametogenesis is significantly influenced by food
availability, and nanoplastics are misidentified as low-nutritional food sources by mussels
(Wegner et al., 2012). NPs can cross cellular boundaries and enter the bloodstream of mussels,
but more concerningly, they can invade spermatozoa and oocytes, potentially affecting motility
and robustness. In the case of spermatozoa, specifically, NP contamination can lead to a
decrease in sperm release, inhibition of sperm motility, and DNA damage (Lewis & Ford,
2012). This DNA damage can impair the sperm’s ability to fertilise oocytes. The accumulation
of NPs is gender- and time-specific in the marine mussel M. galloprovincialis, with more
detrimental effects observed in females (polystyrene NPs [PS-NPs]; 10 pg/L, 28 days;
Gongcalves et al., 2025; Chapter 6). A weight of evidence model confirms that NPs harm
females under chronic exposure (Gongalves et al., 2025; Chapter 6), potentially causing oocyte
malformation, reducing successful fecundity, and leading to total developmental arrest during
embryo-larval development (PS-NPs; 50 nm; 1.5 h; Crassostrea gigas; Tallec et al., 2018).
Furthermore, a decrease in sperm motility, a reduction in sperm velocity, and unsuccessful
embryogenesis in C. gigas was notable after exposure to PS-NPs with amine or carboxyl
functional groups (1 h; 0.1-25 pug/mL; Tallec et al., 2020).

The Mediterranean mussel Mytilus galloprovincialis is found in high densities and
relatively stable populations with a wide geographical distribution at different latitudes and
adapted to various environmental parameters and stressors. As sessile filter-feeding organisms,
mussels are capable of accumulating contaminants present, and any shift in populational
dynamics can be a sign of the hazard of the presence of these contaminants. Gamete production
and the energy that goes into it are essential for the reproductive success of mussels, such as
M. galloprovincialis, as well as for larval survival and the recruitment of juveniles (Kautsky,
1982). Lipids are crucial, especially for female gonad development (Martinez-Pita et al., 2012),
and play a key role in regulating the folding, organisation and final structure of all membrane
proteins. Any interference or detour of energy to counterbalance any toxic effects from
contaminants in the marine environment can cause unbalance and jeopardise gametogenesis
and reproductive success. When ripe, mussels release spermatozoa and oocytes into the water
column, where fertilisation occurs. In this sense, contaminants can interfere with the
gametogenesis process and have toxic effects on the gametes released into the water column

and larval development.
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Reproductive success dictates the changes in populational dynamics and is crucial for
a healthy ecosystem. Every species has its importance, and removing any level within the food
chain can cause a massive downfall of biodiversity in a whole ecosystem. Therefore,
understanding the effects of contaminants on species reproduction is vital to ensure that there
will be future generations. A proteomic approach is crucial to acknowledge the impact that
emerging contaminants, such as NPs, have at a biological, cellular and molecular level and the
target toxicity they pursue. This approach enables the identification of a more significant
number of protein alterations due to exposure to contaminants, like NPs, in marine organisms,
giving access to a more excellent knowledge at a molecular level of those contamination-
induced cellular pathways (Lopez-Pedrouso et al., 2020).

In M. galloprovincialis, a male-associated polypeptide, MAP-39, was identified
(Mikhailov et al., 1995). The expression of MAP-39 is associated with gonad development,
maturation and spawning. The concentration of this polypeptide is 10% of total soluble proteins
in mature male gonads, whilst only traces are attainable in female gonads (Mikhailov et al.,
1995). In Zhong et al. (2020), an exposure to trichloropropyl phosphate (TCPP; 100 nmol/L;
42 days), a halogenated organophosphate ester widely used as flame retardants and plasticisers,
219 proteins were differentiated expressed between males and females M. galloprovincialis,
where the gender-specific proteins were involved in protein synthesis and degradation, energy
metabolism and the functions of the cytoskeleton and motor proteins. Proteomic responses after
microplastic (MPs) exposure in the clam Scrobicularia plana caused cytoskeletal and cell
structure alterations, disturbances in energy metabolism, oxidative stress, fatty acids, DNA
binding and neurotransmission (polyethylene MPs [PE-MPs]; 11-13 uM; 1 mg/L; 14 days;
Bebianno et al., 2022). With the adjacent BAP adsorbed onto MPs, a higher differentiation of
protein expression was detected, where changes in glucose metabolism, RNA binding and
apoptosis were also induced (Bebianno et al., 2022). Mytilus edulis exposed to high-density
PE-MPs (25 pug/L; 0.5 - 330 uM) for 52 days caused alterations in the haemolymph proteome,
and most proteins affected are involved in vital biological processes such as immune
regulation, detoxification, metabolism and structural development (Green et al., 2019). Now,
NPs induce more toxicity than MPs, causing more ROS production and higher total antioxidant
capacity levels, with downregulation of specific genes involved in stress and immune response
after transcriptomic sequencing in Mytilus coruscus (20 mg/L; PS-NPs 100 nm; PS-MPs 1 uM;
Qietal., 2023). As NPs are efficiently ingested by mussels (Qi et al., 2023), understanding the
proteomic responses towards NP toxicity is of utmost importance. A SWATH-MS analysis
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enables a deep proteome analysis by combining targeted and shotgun data extraction
techniques (Anjo et al., 2015).

Therefore, this study aimed to use a high throughput proteomic approach to assess the effects
of polystyrene NPs on the gonads of male and female M. galloprovincialis. To our knowledge,

this is the first report about the effects of PS-NPs on mussel reproduction fitness.

7.2. Materials and Methods
7.2.1 Experimental Design

Firstly, Polysciences, Inc. (Germany) supplied Fluoresbrite® Plain YG spherical
polystyrene nanoplastics (PS-NPs, 50 nm, CAS 9003-53-6). The hydrodynamic diameter of
PS-NPs in seawater increases (852 =+ 103 nm) as the salt present triggers
aggregation/agglomeration kinetics. Additional information regarding PS-NP characterisation
can be found in Gongalves et al. (2022) (Chapter 3). Tanks were equipped with glass lids and
aeration pipettes to prevent further plastic pollution, including airborne contamination. No
gloves or plastic tools were used during tissue dissection.

Mussels, M. galloprovincialis (50 mm £ 5 mm), were collected from the Ria Formosa
Lagoon in Southeast Portugal (37°00'30.6"N 7°59'39.6" W). They were cleaned and placed
into 30 L tanks (25 L FSW) at two mussels per litre density in triplicate setups. Following a
four-day acclimation, the mussels were exposed to 10 pg/L of PS-NPs for 21 days.
Contaminants and seawater were refreshed every two days, with concentrations reset and
samples taken in the beginning and after 21 days of exposure for PS-NP accumulation and
proteomic analysis, where the mussels were dissected, gonads retrieved, followed by the
determination of the sex for each sample. To achieve sex determination, an aliquot was
examined using an optical microscope (Compound Light Microscopy) at 400x magnification
to check for spermatozoa or oocytes. The samples were labelled appropriately and stored at -

80°C to preserve them for further investigation.

7.2.2. PS-NP Accumulation

Using a fluorescence-based approach and the molecular rotor probe 9-(dicyanovinyl)-
julolidine (DCVJ), the accumulation of PS-NPs was evaluated in mussel gonads subjected to
10 pg/L of PS-NPs, following the Gagné (2019) method. First, using a VWR Star-Beater, the

male and female mussels' gonads were homogenised separately at 20% (w/v) in an ice-cold
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buffer solution (50 mM NaCl, 10 mM Hepes-NaOH [pH 7.4], 1 mM EDTA, and 1 mM DTT)
for 5 minutes while shaking at 20 rpm and utilising grinding balls. Samples were centrifuged
for 20 minutes at 2°C and 15,000 g to isolate the cytosolic fraction. The supernatant was then
promptly frozen at -80°C until it could be examined further. A Berthold Tristar 5
spectrofluorometric microplate reader was then used to analyse the samples, which had
emission spectra from 400 to 800 nm and excitation at 450 nm. The wavelength of PS-NPs is
510 nm, and the outcomes have been compared with controls with the units of PS-NPs ug/g

wet weight.

7.2.3. Sample preparation

Male and female gonads (n = 4 per sex and time) were homogenised in a Laemli
solution (10% SDS, 30% glycerol, 0.6 M DTT, 0.012% bromophenol blue, and 0.5 M Tris
HCI, pH 6.8). They were then sonicated slowly to prevent foam formation in a VWR Star-
Beater (40 min, 5/s shaking, with grinding balls) and boiled at 95°C for 10 mins. The samples
were then placed into labelled Eppendorf’s and frozen at -80°C until further proteomic

analysis.

7.2.4. LC-MS methodology

The total protein content was quantified using the Pierce™ 660 nm Protein Assay Kit
(Thermo Scientific™). One pooled sample was prepared for each condition containing 70 ug
of protein for the ion library generation. For relative protein quantification experiments
(SWATH), 50 pg of protein from each sample was used for the following steps. An internal
standard solution was added to each sample (including the pooled samples) containing green
fluorescent protein (GFP) and Maltose/maltodextrin-binding periplasmic protein (MALE).
After the denaturation step at 95°C for about 5 minutes, the protein content was separated by
SDS-PAGE for about 17 minutes at 110 V (Short-GeLC Approach) (Anjo et al., 2015) and
stained with Coomassie Brilliant Blue G-250. Each lane was divided into three separate gel
fractions (5 fractions in pooled samples) for the destaining step using a 50 mM ammonium
bicarbonate solution with 30% acetonitrile, followed by overnight protein digestion with
trypsin. Peptide extraction from the gel was performed by incubating solutions containing
different percentages of acetonitrile (30, 50, and 98%) with 1% formic acid. For protein

identification, the five fractions were evaporated in a vacuum centrifuge, resuspended in 25 uLb
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of 2% ACN with 0.1% FA, and 10 uLL were analysed by data-dependent acquisition (DDA).
For relative protein quantification, the 3 fractions from each sample were joined, evaporated
in a vacuum centrifuge, resuspended in 40 pL of 2% ACN with 0.1% FA, and 10 pL were
analysed by data-independent acquisition (DIA/ SWATH-MS). Samples were analysed on a
NanoLC™ 425 System (Eksigent) coupled to a Triple TOF™ 6600 mass spectrometer (Sciex)
and the ionisation source (ESI DuoSpray™ Source). The chromatographic separation was
performed on a Triart C18 Capillary Column 1/32" (12 nm, S-3um, 150 x 0.3 mm, YMC) and
using a Triart C18 Capillary Guard Column (0.5 x 5 mm, 3 pum, 12nm, YMC) at 50°C. The
flow rate was set to 5 pL/min, and mobile phases A and B were 5% DMSO plus 0.1% formic
acid in water and acetonitrile, respectively. The LC program was performed as follows: 5 —
30% of B (0 - 50 min), 30 — 98% of B (50 - 52 min), 98% of B (52 - 54 min), 98 - 5% of B (54
- 56 min), and 5% of B (56 - 65 min).

The ionisation source was operated in the positive mode set to an ion spray voltage of 5500 V,
25 psi for nebuliser gas 1 (GS1), 10 psi for nebuliser gas 2 (GS2), 25 psi for the curtain gas
(CUR), and source temperature (TEM) at 100°C. For data-dependent acquisition (DDA)
experiments, the mass spectrometer was set to scanning full spectra (m/z 350-1500) for 250
ms, followed by up to 100 MS/MS scans (m/z 100 — 2000) with 30 ms for the accumulation
time. Candidate ions with a charge state between +1 and +5 and counts above a minimum
threshold of 100 counts per second were isolated for fragmentation, and one MS/MS spectrum
was collected before adding those ions to the exclusion list for 15 seconds (mass spectrometer-
operated by Analyst® TF 1.8.1, Sciex®). The rolling collision energy was used with a collision
energy spread of 5. For SWATH experiments, the mass spectrometer was operated in a looped
product ion mode and precisely tuned to a set of 168 windows, covering the precursor mass
range of 350-2250 m/z. A 50 ms survey scan (350-2250 m/z) was acquired at the beginning of
each cycle, and SWATH-MS/MS spectra were collected from 100-2250 m/z for 19 ms,

resulting in a cycle time of 3.29 seconds.

7.2.5 lon-library from DDA information

A specific ion library of the precursor masses and fragment ions was created by combining all
pool files in one protein identification search using the ProteinPilot™ software (v5.0, Sciex).
The parameters of the paragon method were cysteine alkylation by acrylamide, digestion by

trypsin, and gel-based ID. The protein identification search was conducted against the Mytilus
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galloprovincialis database (UniProt), downloaded in May 2024. An independent False
Discovery Rate (FDR) analysis, using the target-decoy approach provided by Protein Pilot™,

was used to assess the quality of the identifications.

7.2.6 Relative quantification of proteins (SWATH-MYS)

SWATH data were processed by the SWATH™ processing plug-in for PeakView™
(v2.0.01, Sciex®). Protein relative quantification was performed in all samples using the
information from the protein identification search. Peptide relative quantification was obtained
considering the FDR < 1% for at least three replicates in at least one of the conditions and by
the sum of up to 5 fragments/peptide. Peptide relative peak areas were normalised for the total
sum of fragment areas for the respective sample, and protein quantities were obtained by the

sum of up to 15 peptides/protein.

7.2.7. Statistical analysis

Statistical analysis was conducted in MetaboAnalyst 6.0 (www.metaboanalyst.ca). The
two-group comparisons were performed using the non-parametric Wilcoxon rank-sum test to
select proteins with p-values below 0.05. Heatmap representations were performed considering
the Euclidean distance and the Ward clustering algorithm. Venn diagrams were generated in
the SRplot (Tang et al., 2023) platform using the module “proportional Venn* and jvenn
(Bardou et al., 2014) for more than three groups. The functional analysis was performed by
DAVID (Sherman et al., 2022; Huang et al., 2009) using the Mytilus galloprovincialis database
as background. The enriched GO terms were represented for the number of genes by Heatmaps

generated in the platform ImageGP (Tong Chen & Huang, 2022).

7.3. Results and discussion
7.3.1. PS-NP accumulation

After 21 days of exposure, the accumulation of PS-NPs in mussel female gonads is
higher than in male gonads (see Table 7.1). This accumulation may weaken mussels’ immune
systems and cause additional prejudice towards gamete production, embryo-larval
development and fertilisation (Tallec et al., 2018; Capolupo et al., 2021; Gongalves et al., 2022,
2025) (Chapter 3, 6). After internalisation of PS-NPs, a decrease in fertilisation rate was
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observed in oysters Crassostrea gigas (50 nm; 10 pg/L; 50 nm; 1.5 h; Tallec et al., 2018), as
well as a reduction in sperm motility and the formation of PS-NPs agglomerates on jelly-
coatings of oocytes as a result of PS- NPs exposure (PS-COOH and PS-NHz; 0.1-100 mg L;
1, 3,and 5 h; Gonzalez-Fernandez et al., 2018). Additionally, deformities in larval development
have also been recorded in M. galloprovincialis (PS-NHz; 50 and 100 nm; 10 pg/L; 48 h post
fertilisation, Auguste et al., 2021), and the smaller PS-NPs have a more detrimental effect,
whereby larvae exposed to PS-NH2 nanoplastics demonstrate disruption of the molecular
processes involved in shell formation (Auguste et al., 2021). PS-NP accumulation here is
positively related to other outcomes analysed in Goncalves et al. (2025) (Chapter 6), such as
lipid peroxidation. Widespread cellular dysfunction brought on by PS-NP accumulation by
male mussel gonads inhibits vital biological functions (protein synthesis, transport, energy
metabolism, etc.). The harmful effects of oxidative stress and NP buildup cause this chain
reaction of disturbances, making it more difficult for cells to maintain homeostasis and finish
vital functions like reproductive and gonadal health. The cell manages the damage by
upregulating stress adaption systems, such as antioxidants. However, stress can result in cell
death or inability to reproduce if it surpasses the cell's ability to heal itself, causing impairment

of spermatozoa motility and ability to fecund oocytes (Tallec et al., 2018; Gallo et al., 2021).

Table 7.1. Ingestion of PS-NPs (ug/g wet weight) relative to controls in male and female
gonads of M. galloprovincialis after 21 days of exposure (mean = std).

Time of exposure (days) PS-NPs pg/g wet weight
J Q
0 1+1 1+1
21 1.78 +0.16 445 +0.10

Moreover, when female mussel gonads ingest PS-NPs, important cellular functions
necessary for healthy cell function and reproduction are severely disrupted. Gonadal function
and oocyte development are probably impacted when vesicle-mediated and intracellular
protein transport is inhibited since this affects the distribution of vital proteins and organelles.
Furthermore, genes essential for gonadal health, reproduction, and cell division are not
properly expressed when mRNA processing and protein synthesis are disrupted. Also, spindle
organisation and chromosome segregation, essential for meiosis and fertilisation, are hampered
by microtubule malfunction, resulting in genomic instability and unsuccessful reproduction.

Therefore, female mussels' ability to reproduce can be jeopardised by the combined impacts of
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oxidative stress, protein degradation, and cellular dysfunction, leading to problems with oocyte
viability and fertility. (Gallo et al., 2022; Zhang & Wu, 2023)

7.3.2. Protein relative quantification

Unexposed proteins of male and female gonads, as well as those differentially
expressed because of exposure to PS-NPs, allowed the identification of 3865 proteins
(considering 5% FDR against the Mytilus galloprovincialis from Uniprot), and 2128 proteins
were further quantified. The list of proteins quantified is found in the supplementary material,
Table S1. The exposure of male and female gonads to PS-NPs significantly altered the
proteome of both genders (p< 0.05; Figures 7.1.- 7.4.). The Venn diagram (Figure 7.1.) shows
the proteins differentially expressed in control males and females, between control and PS-NPs
exposed males, between control and PS-NPs exposed females, between control male and
female gonads, and between PS-NPs exposed male and female gonads, as well as the protein
common among treatments and sex gonads (p< 0.05). As can be seen from Figure 1, the number
of differentially expressed proteins was more significant in male gonads than in females after
exposure to PS-NPs (p< 0.05). The differentially expressed proteins in male and female
controls exposed to PS-NPs were hierarchically clustered, and heat maps of both conditions
showing differential proteins up or down-regulated are presented in Figure 7.2. When mussels
were exposed to PS-NPs, 775 proteins changed between controls and PS-NPs exposed male
gonads (p< 0.05; Figures 7.1.- 7.2.A), while only 156 proteins were differentially expressed
between controls and PS-NPs female gonads. (p< 0.05; Figures 7.1.- 7.2.B). Among these
proteins, 65 were similar between male and female gonads (p< 0.05). However, when proteins
were compared between control male and female gonads, 109 proteins were different (p< 0.05;
Figures 7.1.- 7.3.A), but when exposed to PS-NPs, 118 proteins were differently expressed
between male and female gonads (p< 0.05; Figure 7.3.B) with eight of these proteins similar
between controls and PS-NPs exposed male and female gonads (p< 0.05). In zebrafish exposed
to PS-NPs (1.0 mg L for 21 days) of similar size (50 nm, 1 mg L), NPs influence
reproductive toxicity that is gender-specific (Li et al., 2024). When zebrafish are exposed to
PS-NPs (70 nm), NPs can pass the blood barrier and accumulate in the gonads (Li et al., 2024).
Zebrafish submitted to acute exposure of the same type of PS — NPs but with a smaller size (40
nm; 5 mg L1, 96h), NPs were able to penetrate the testicular barrier and be internalised in germ
cell lines (Pujol et al., 2025). The exposure to high-density polyethylene (HPDE) microplastics
also induced changes in the proteome of the haemolymph of Mytilus edulis (Green et al., 2019).
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Gene Ontology (GO) enrichment analysis shows differences in protein expression
related to putative biological processes (BP), cellular components (CC) and molecular
functions (MF) between unexposed and PS-NPs exposure mussel male and female gonads
(Figure 7.4.).

Female | CT vs PS-NPs Control | Male vs Female
156 109
63 32
18
Male | CT vs PS-NPs PS-NPs | Male vs Female
775 @ * 118

616 a7

Figure 7.1. Venn diagram showing the number of specific and common differential proteins between
controls (CT) vs PS-NPs contaminated gonads in male and female M. galloprovincialis, and male vs
female M.galloprovincialis for CT and PS-NPs contaminated gonads after 21 days of exposure
(Wilcoxon rank-sum test) (p<0.05).

7.3.3. Impact of PS-NP exposure on the proteome of unexposed and exposed mussel
male gonads

GO analysis revealed that in control mussel male gonads compared to those exposed to
PS-NPs, NPs affected proteins related to biological processes (9 proteins being upregulated
and 8 proteins down-regulated) (p< 0.05; Figure 7.4.). In comparison, 14 proteins of the cellular
components were upregulated, and 16 were downregulated (p< 0.05; Figure 7.4.). Regarding
proteins related to molecular functions, 16 proteins were upregulated, and 20 proteins were
downregulated (p< 0.05; Figure 7.4.).

The inhibition of these differentially expressed proteins because of the exposure to PS-
NPs compared to control male gonads leads to changes in the following pathways: translation
and ribosome biogenesis, protein folding and quality control, intracellular transport and vesicle
trafficking, energy metabolism, RNA processing and tRNA charging, protein degradation,
cytoskeletal dynamics and stress adaptation mechanisms. The reduction of the translation and
maturation of LSU-rRNA affects the formation of the ribosome-mRNA complex, reducing
protein synthesis, ribosomal assembly, and energy production. Other stress conditions, such as

unfolded protein response, changes in cytoskeleton dynamics, oxidative damage and apoptosis,
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can also occur. The inhibition of these proteins can severely compromise the ability of male
mussel gonads to develop functional sperm, potentially leading to infertility. In the Pacific
oyster C. gigas exposed to PS microplastics (6 um; 0.023 mg L), Sussarellu et al. (2016)
showed that the exposure to this type of microplastics induced a decrease in the velocity of the
sperm, compromising the ability to fertilise the oyster oocytes.

On the other hand, these interrelated processes represent the cell's integrated response
to stress, particularly oxidative stress. In male mussel gonads exposed to PS-NPs (50 nm; 10
pgLt; 21 days; Gongalves et al., 2025; Chapter 6), a significant increase in superoxide
dismutase (SOD) and glutathione-S-transferase (GST) activity and a decrease in lipid
peroxidation (LPO) were registered. Therefore, the cellular slowdown or inhibition of specific
functions (like translation, ribosome biogenesis, and energy metabolism) can activate a
protective antioxidant response, with increased SOD and GST activity and a reduction in LPO
as part of the defence mechanism.

However, the upregulation of these proteins in male gonads induced changes in the
following pathways: energy production microtubule-based processes, chromatin remodelling
and DNA packaging, electron transport and oxidative stress response, nucleotide biosynthesis
and motility and cell projection enhancing the need for energy and structural demand for
spermatogenesis and sperm functionality. Moreover, the upregulation of the tricarboxylic acid
cycle (TCA cycle), glycolysis, and mitochondrial electron transport chain and the induction of
pyruvate dehydrogenase and acetyl-CoA biosynthetic processes highlights the need for high
energy demand required for spermatogenesis and sperm motility.

When energy production is upregulated, cells may also need to upregulate their
antioxidant response to counterbalance the oxidative stress induced by increased mitochondrial
activity, explaining the observations detailed in Gongalves et al. (2025) (Chapter 6) after male
mussels were exposed to PS-NPs (10 pg/L of 50 nm for 21 days). Additionally, microtubules
are essential for intracellular transport, cell division, and motility. Microtubule dynamics may
be impacted by cell oxidative stress, which can interfere with motility and appropriate
intracellular transport. However, as cells rearrange their cytoskeleton to support proper
function under challenging circumstances, enhanced microtubule-based processes (such as
polymerisation or stabilisation) may also be a stress reaction (Gurel et al., 2014). A stronger
antioxidative response, including the increase of SOD and GST activity, may result from
stimulation of microtubule dynamics in response to stress or energy needs (Dalle-Donne et al.,
2001; Apraiz et al., 2006).
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Nevertheless, energy generation, chromatin remodelling, microtubule-based processes,
and other cellular functions are upregulated in response to stress and increased metabolic
demand, which may increase ROS production. Cells respond to oxidative stress by increasing
the activity of GST to detoxify lipid peroxidation products and other reactive intermediates and
SOD to neutralise superoxide radicals formed. By maintaining membrane integrity and
lowering LPO, this cellular adaptation ensures that vital functions like motility, DNA repair,
and nucleotide biosynthesis run smoothly. Therefore, under stress, these systems' coordinated
activation helps maintain homeostasis, prevent cellular damage, and manage the oxidative
burden (Rangaswamy et al., 2024). In zebrafish (Danio rerio) males exposed in water to an
acute concentration of PS-NPs (45 nm; 5 mg L for 96h), NPs were able to penetrate the
internal barrier of the spermatozoids and be internalised in germ cells, inducing the
upregulation of several genes related to meiotic chromosomal assembly double-strand break
and chromatic formation affecting sperm mobility (Pujol et al., 2025). Similarly, exposure for
28 days to PS-NPs (25, 50 and 100 nm; 5 mg ml?) indicates that PS-NPs decrease sperm
concentration and viability and increase sperm abnormalities (Ma et al., 2024). Moreover, PS-
NPs disrupt spermatogenesis in the testicular of male mice by inhibiting the expression of
Pmfbpl/Ggn/Fsip2 and enabling Hsd3b5 protein expression to reduce dihydrotestosterone
levels and affect sperm flagellar assembly by decreasing the expression of
Dnah8/Tekt5/Rsph6a and the claudin family by destroying the tight junctions (Ma et al., 2024).
PS-NPs also induce the expression of cathepsins (B/F/H), indicating that exposure to PS-NPs
induces testicular cell apoptosis (Ma et al., 2024). However, in the present case, possible

apoptosis needs to be confirmed.
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Figure 7.2. Heatmap of the 775 proteins differentially expressed (A) in male gonads and 156 proteins
differentially expressed (B) in female gonads between controls (CT) and PS-NPs mussels exposed for
21 days (Wilcoxon rank-sum test) (p<0.05)

7.3.4. Impact of PS-NP exposure in non-exposed and exposed mussel female gonads

Opposite to the effect of NPs in mussel male gonads, the exposure of mussel female
gonads to PS-NPs compared to controls induced fewer protein changes at BP, CC and MF
levels (Figure 7.4.). This might be related to the variability observed in the gonads of mussel
females exposed to PS-NPs. The exposure to PS-NPs induced changes in seven proteins
involved in BP, six of which were downregulated, and one was upregulated, while with CC,
four proteins were up-regulated. At the same time, only one was down-regulated, and four
proteins related to MF were down-regulated (p< 0.05). Pujol et al. (2025) also found that in
zebrafish (Danio rerio) exposed for 96h to a toxic concentration of the same type of NP (45
nm; 5 mgL™ of), oocytes were not as severely affected by PS-NP exposure as the male gonads.
This indicates that PS-NPs have a different impact on oocytes.

The exposure of mussel female gonads to PS-NPs inhibited the following proteins:
vesicle-mediated transport, mMRNA processing, establishment or maintenance of microtubule
cytoskeleton polarity, intracellular protein transport, spindle organisation and microtubule
polymerisation. Vesicle-mediated transport is crucial for the movement of proteins and lipids
within the cell, especially between organelles like the endoplasmic reticulum (ER) and Golgi
apparatus, and its inhibition could disrupt oocyte development by altering hormone signalling,
nutrient storage, and protein secretion. The inhibition of mMRNA processing affects gonad

development and oocyte maturation by preventing protein translation required for cellular
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function. The establishment or maintenance of microtubule cytoskeleton polarity is essential
for the maintenance of cell shape, intracellular transport, and cell division. The inhibition of
this protein disrupts cell division and positioning of organelles during oogenesis. The
downregulation of intracellular protein transport disrupts energy production, meiotic
progression, and hormone biosynthesis, and the inhibition of spindle organisation can lead to
aneuploidy in oocytes, reduce fertility or cause developmental abnormalities in offspring.
Moreover, inhibiting microtubule polymerisation by exposure to PS-NPs could impair meiotic
progression, disrupt vesicle transport, and lead to oocyte or gonadal cell dysfunction. On the
other hand, nucleosome assembly was induced to enhance the formation or restoration of
nucleosomes, which can have several implications in different pathways, namely chromatin
remodelling, gene transcription, and DNA damage repair. So, exposure to PS-NPs severely
affects the meiotic cell cycle, cytoskeleton regulation, vesicle transport, mMRNA processing,
and hormonal signalling pathways.

The inhibition of these proteins affects the cytoskeleton organisation and dynamics,
disrupting spindle formation and intracellular transport that are critical for oocyte maturation.
The intracellular transport, vesicle-mediated transport pathway, spindle organisation, and
chromosome segregation induce impaired spindle assembly that could disrupt meiosis. The
inhibition of the energy metabolism and ATP-dependent processes pathway affects the ATPase
and proton transport, which are critical for energy supply during oocyte development. The
disruption of the GTPase-mediated signalling pathway affects the GTP-binding proteins that
regulate vesicle trafficking and cytoskeleton assembly. GTPase activity activates the
MAPK/ERK signalling pathway, which is involved in cell growth and differentiation and
regulates actin polymerisation. Moreover, microtubule plus-end binding is crucial in cellular
processes like mitosis, transport and cell shape maintenance. The impaired aminopeptidase
activity could hinder protein turnover necessary for cellular remodelling, inducing changes in
the aminopeptidase activity and protein degradation pathway. In Gongalves et al. (2025)
(Chapter 6), female gonads exposed to PS-NPs (50 nm; 10 pugL; 21 days), the exponential
increase in SOD, catalase (CAT), and GST activities did not prevent LPO. Cellular stress is
caused mainly by disrupting protein homeostasis, organelle function, and DNA integrity
caused by suppressing vesicle-mediated transport, mMRNA processing, microtubule dynamics,
protein transport, and spindle organisation. Reactive oxygen species (ROS) produced by these
disturbances lead to oxidative stress. Antioxidant defence mechanisms, such as SOD, CAT,
and GST, are upregulated by the cell to counteract ROS and detoxify reactive compounds
(Goncalves et al., 2025; Chapter 6).
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Nevertheless, despite these efforts, LPO levels rise, indicating continuous oxidative
damage, especially to cell membranes susceptible to ROS damage. The image shows a stressed
cell strengthening its antioxidant defences to compensate for various dysfunctions. However,
female gonads still suffer severe oxidative damage (Gongalves et al., 2025; Chapter 6).

The exposure of PS-NPs in mussel female gonads induced an upregulation in the nucleosome
assembly, which is involved in the deposition of histones onto DNA to form nucleosomes, the
basic unit of chromatin that was also induced, highlighting the need for histone synthesis to
package replicated DNA during oocyte maturation. The upregulation of nucleosome assembly
and related proteins suggests enhanced chromatin remodelling, transcriptional regulation, and
genome stability processes. These changes are pivotal for oocyte maturation, meiosis, and
preparation for fertilisation. The increase in SOD, CAT, GST activity and LPO levels observed
in female gonads exposed to PS-NPs for 21 days (50 nm; 10 pugL; Gongalves et al., 2025;
Chapter 6) are indicators of oxidative stress caused by the exposure. The cell upregulates
nucleosome assembly and associated proteins involved in DNA packing and chromatin
remodelling in response to oxidative damage. This implies that to maintain healthy oocyte
maturation and genome integrity, the cell is trying to shield its genome from the harmful effects
of ROS and lipid peroxidation. While the upregulation of histone production and nucleosome
assembly emphasises the cell's attempt to stabilise and repair the genome under this stressful
exposure, the rise in antioxidant enzyme activity is part of the cell's attempt to combat oxidative

damage (Pérez-Cremades et al., 2023).
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Figure 7.3. Heatmap of 109 proteins differentially expressed (A) between control male and female
gonads and of 118 proteins differentially expressed (B) between PS-NPs exposed male and female
gonads after 21 days of exposure (Wilcoxon rank-sum test) (p<0.05)

7.3.5. Differences in protein expression between mussels’ male and female gonads
exposed to PS-NPs

When comparing differential protein expression between mussel male and female
gonads, three GO terms were expressed in males associated with the molecular function of the
proteins namely: GTPase activity, GTP binding and ferric iron binding (p< 0.05; Figure 7.4.).
GTPase activity controls processes that underline gametogenesis and maturation. At the same
time, GTP binding hydrolysis into GDP regulates various molecular functions in the gonads,
while ferric iron binding is related to cellular respiration, DNA synthesis and enzyme function.
These proteins are indispensable for the metabolic and enzymatic processes needed for
successful reproduction in mussels.
When male and female gonads were exposed to PS-NPs, six proteins were up-regulated in male
mussels, namely, fucose metabolic process, alpha-L-fucosidase activity, lipid transporter
activity, hydrolase activity, structural constituent of cytoskeleton, and cysteine-type peptidase
activity (p< 0.05; Figure 7.4). This indicates that exposure to PS-NPs increases the fucosylation
of proteins and lipids, enhancing cell communication and the immune system. On the other
hand, alpha-L-fucosidase activity catalyses the hydrolysis of alpha-L-fucoside bonds, breaking
down fucosylated glycoconjugates and causing lysosomal stress. In addition, the up-regulation

of lipids transport activity and hydrolase activity increases energy production and membrane
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synthesis. On the other hand, the structural constituent of cytoskeleton proteins maintains and
regulates the structure and dynamics of the cytoskeleton (e.g., actin, tubulin) and its up-
regulation promotes immune responses. Regarding cysteine-type peptidase activity, caspases
and cathepsins use a cysteine residue to cleave peptide bonds and induce apoptosis.

On the other hand, PS-NP exposure induces the downregulation of the nitrogen
compound metabolic process, nucleosome, structural constituent of chromatin and protein
heterodimerisation activity (p< 0.05; Figure 7.4.). The downregulation of the nitrogen
compound metabolic process involves the breakdown and recycling of nitrogen-containing
compounds, like amino acids and nucleotides, impairing the amino acid metabolism, reducing
growth and nucleotide synthesis and weakening cellular repair mechanisms by impacting DNA
replication and RNA transcription, slowing cell proliferation and repair. The nucleosome and
structural constituent of chromatin are the basic structural units comprising transcription and
DNA wrapped around histone proteins. These two proteins are essential to organise and
regulate DNA accessibility for replication and repair into a compact and functional structure
of the cells. In male D. rerio gonads exposed to an acute concentration of PS-PNs (50 nm, 5
mg 1) for 96 h, abnormal sperm and clustering chromatin compact was observed that result in
viable spermatozoids but with reduced motility that could lead to functional impairment that
may be the result of oxidative stress and DNA damage (Pujol et al., 2025). Gene expression
involved in reproduction and chromatin remodelling was also observed in D. rerio testis as
well as in the immune system, indicating that PS-NPs induce an increase in the immune
response to cope with the phagocytosis of this type of NP (Pujol et al., 2025). The
downregulation of these proteins in male gonads due to PS-NP exposure can lead to DNA
damage, mutations, and chromosomal abnormalities. In addition, the downregulation of protein
heterodimerisation activity can affect cell growth and immune response and induce apoptosis.
In male D. rerio, exposure to acute toxic concentrations of NPs (40 mn) induces caspase-3
levels, indicating that apoptosis occurred in prophase | (Pujol et al., 2025). These results
indicate similar responses to the effects of PS-NPs at the genome and proteome level in
zebrafish and M. galloprovincialis male gonads.

In summary, the exposure of PS-NPs in male gonads induces significant changes in the
differential expression of these proteins, leading to an increase in energy production and
immune responses, alterations in lipid metabolism and carbohydrate pathways, DNA damage,
as well as apoptosis. The elevated levels of these proteins in male mussel gonads reflect the

physiological and reproductive demands of continuous sperm production, chromatin
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compaction, gamete motility, and metabolic regulation, responding to the effects induced by

exposure to PS-NPs, which is more pronounced in males.
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Figure 7.4. Functional identification in M. galloprovincialis gonads identified by DAVID GO
enrichment analysis of (A) biological processes, (B) cellular components and (C) molecular function
between controls and PS-NPs exposed mussels.

7.4. Conclusion

A gquantitative proteomic analysis was conducted to assess the effects of PS-NPs in M.
galloprovincialis male and female gonads. The results suggest that the accumulation of PS-
NPs in male gonads affects more protein expression than in females, disrupting protein
synthesis, energy production, intracellular transport, and cellular homeostasis, potentially
leading to infertility. Regarding the effects of PS-NPs in female gonads, proteomic analysis
revealed that exposure to PS-NPs disrupts proteins that are related to translation, RNA
processing and signalling, ribosome biogenesis, cell cycle, and stress response, protein folding,
lipid metabolism, and calcium signalling pathways impairing oogenesis, meiotic progression,
intracellular trafficking, and energy metabolism affecting the reproductive success and cellular
homeostasis. Therefore, with the increase of NPs expected to occur in the ocean, there is an
urgent need to reduce the presence of NPs in the ocean because this emerging contaminant may

be an additional source that can induce biodiversity loss.
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CHAPTER VIII

Nanoplastic effects on spermatozoa, oocytes and larval
development of the Mediterranean mussel Mytilus

galloprovincialis
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Abstract

Most bivalve species rely on external fertilisation for reproduction in the marine
environment. Consequently, numerous risks threaten gametes and early life stages. Due to their
increased surface area-to-volume ratio and potential ability to cross biological barriers,
nanoplastics may pose greater dangers to marine life. Understanding the toxicity of these
particles and their impact on successful reproduction is vital, as it can influence the survival of
future generations and the equilibrium of entire ecosystems. This study aims to investigate the
risks of exposure to PS-NPs (16.5 pg/L) for Mytilus galloprovincialis spermatozoa and oocytes
prior to fertilisation, the detrimental effects on embryo-larval development following gamete
exposure, and the consequences of exposure to PS-NPs (16.5 pg/L) post-fertilisation on
embryo-larval development at 24- and 96-hours post-fertilisation (hpf). After 96 hpf, the effect
of the PS-NPs was assessed in both exposure scenarios. The number of oocytes and
spermatozoa decreased significantly, and the integrity of oocytes was compromised.
Furthermore, larval development was adversely affected, particularly when gametes were
exposed prior to fertilisation, leading to smaller and malformed larvae, with a higher

accumulation observed in gametes than embryos.

8.1. Introduction

Nanoplastics (NPs; <1000 nm) and their effects on marine organisms are gaining a vast
array of interest, as these tiny particles (<1000 nm) can potentially pass through biological
barriers and, by having a higher surface area-to-volume ratio, are potentially more harmful and
hazardous towards marine organisms than microplastics (1um — 5mm) (Sharma et al., 2023).
Although quantifying NPs in the environment remains challenging, they can enter the
environment as primary or secondary NPs, entering the ocean in their manufactured small size
or from degradation and mechanical abrasion of larger plastic particles, respectively. Global
plastic production rose to 413.8 Mt in 2023, increasing from previous years. In contrast, Europe
experienced a 4.7 Mt decline compared to 2022 (PlasticsEurope, 2024). Polystyrene (PS)
accounts for 5.2% of the total global plastic production (PlasticsEurope, 2024), and primary
PS-NPs are intentionally manufactured for use in scientific research to calibrate scientific
instruments, as well as fluorescently labelled to evaluate absorption across biological
membranes (Catarino et al., 2019). Among day-to-day products, PS can be found in CDs,
Styrofoam cups and plates, toothbrushes, toys, food storage, etc. (Kik et al., 2020). To date, no

studies have indicated the carcinogenic potential of PS-NPs; however, the PS monomer
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(styrene) has been classified by the International Agency for Research on Cancer (IARC) as a
potentially carcinogenic substance (B2). NPs are surrounded by a “protein corona” that allows
them to penetrate cellular membranes and interact with cellular structures (Canesi et al., 2016;
Auguste et al., 2021; Kik et al., 2022), increasing the potential toxicity of these particles.
Bivalves, such as mussels, are excellent sentinel organisms for ecotoxicological studies and
have shed some light on the effects NPs can have. Studies have shown that NPs lead to
cytotoxicity, genotoxicity, neurotoxicity, oxidative stress and damage in the gills, digestive
glands, and gonads of mussels (Capolupo et al., 2021; Gongalves et al., 2022, 2023, 2025;
Goncalves & Bebianno, 2023) (Chapters 2, 3, 5 and 6). For example, exposure to PS-NPs at a
concentration of 10 ug/L (50 nm nPS; 21 d) impaired the antioxidant defence system of Mytilus
galloprovincialis, resulting in oxidative damage, with the mussel gills being the most seriously
impacted tissue Gongalves et al., 2022; Chapter 3). PS-NPs exposure to M. galloprovincialis
(50 nm; 1.5-150 ng/L; 21-d) had a more significant impact on lysosomal markers of general
stress than did PS-microplastics (PS-MPs), indicating a potential link between this trend and
enhanced synthesis of antioxidants (Capolupo et al., 2021). The accumulation of PS-NPs has
also been shown to be tissue and time-dependent after 28-day exposure to 10 pg/L of PS-NPs
(50 nm), the highest accumulation recorded in the gonads of M. galloprovincialis Gongalves et
al., 2023; Chapter 2). Gametes exposed to PS-NPs (50 nm; 1.5 h) in Crassostrea gigas showed
decreased fertilisation rates (Tallec et al., 2018). Agglomerates of nanoparticles were also
found attached to spermatozoa and the jelly coating of oocytes (PS-COOH and PS-NHz; 0.1-
100 mg/L; 1, 3and 5 h) (Gonzélez-Fernandez et al., 2018). After embryos were exposed to PS-
NPs (50 nm; 10 pg/L; 48 hpf) in M. galloprovincialis, abnormalities of D-larvae were
discovered (Auguste et al., 2021). Moreover, a decrease in spermatozoa motility and velocity,
as well as an overall drop in successful embryogenesis, was encountered in C. gigas after
exposure to PS-NPs with amine or carboxyl functions (1h; 0.1-25 pg/mL; Tallec et al., 2020).
As bivalve reproduction occurs externally, the gametes and, with successful fertilisation,
embryos and larvae are subjected to the contaminants in the surrounding environment,
including NPs, and it is, therefore, crucial to understand the toxicity these particles have and
their effects on successful reproduction, as it can dictate the viability of future generations and
the balance of a whole ecosystem. Therefore, this study aimed to investigate the hazards of PS-
NPs exposure (16.5 pg/L) on M. galloprovincialis spermatozoa and oocytes before fertilisation
and the detrimental effects on embryo-larval development after gamete exposure, as well as

the effects of PS-NPs exposure (16.5 pg/L) after fertilisation on embryo-larval development
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after 24 and 96 hours post fertilisation (hpf). Furthermore, the accumulation of PS-NPs was

also evaluated in both exposure conditions after 96 hpf.

8.2.Materials and Methods

8.2.1. Polystyrene nanoparticles (PS-NPs)

Polysciences, Inc. (Germany) supplied the Fluoresbrite® Plain YG spherical
polystyrene nanoplastics, which have a size of 50 nm (CAS 9003-53-6). The hydrodynamic
diameter of PS-NPs (852 + 103 nm) increases due to aggregation/agglomeration kinetics
triggered by the amount of salt in fresh seawater. Gongalves et al. (2022) provide additional

information regarding PS-NP characterisation (Chapter 3).

8.2.2. Gamete production and fertilisation

Mature Mytilus galloprovincialis (60 £ 5 mm), collected from offshore aquaculture
between Sagres and Lagos, South Portugal (A: 37°04,200°N & 8°42,800°W; B: 37°04,200°N
& 8°41,000°W; C: 37°03,400°N & 8°41,000°W; D: 37°03,400°N & 8°42,800°W) were induced
to spawn by thermal stimulation (His et al., 1999) in separate beakers with 0.2 pum filtered
seawater (FSW). As they begin to spawn, males and females are individually isolated in 150
mL of FSW to obtain a gamete-dense solution (Boukadida et al., 2019). Firstly, the oocytes
and sperm of mussels are filtered through 100 um and 50 um, respectively. The quality of
gametes is then assessed under an optical microscope, looking for regular oocytes and very
mobile spermatozoa to select for the experiment. Then, oocytes are fertilised in a sperm-dense
suspension with a ratio of 1:10 (oocyte: sperm). The appearance of a polar globule indicates
fertilisation success (Boukadida et al., 2019). Fertilised eggs (ca. 150 eggs/mL) will be

transferred into test tubes containing the experimental solutions (Boukadida et al., 2019).

8.2.3. Spermatozoa and oocyte count

In a Neubauer chamber, 10 uL aliquot of the obtained spermatozoids and oocytes from
the total 150 mL was collected and used to obtain the total number of spermatozoids and
oocytes released under an optical microscope (Zeiss, compound light microscopy). In 150 mL
of sperm-dense solution, there was a total of 7,830,000 spermatozoids and 1,185,000 oocytes

in 150 mL of oocyte-dense solution.
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8.2.4. Experimental design

For experimental purposes, two sets of exposures were performed. For one of the
exposure conditions, spermatozoa and oocytes were submitted to 16.5 pg/L of PS-NPs, and
after 24h of exposure, oocytes were fertilised in a sperm-dense suspension (1:10 = oocyte:
sperm). In the other exposure conditions, oocytes were fertilised in a sperm-dense suspension
and only then exposed to 16.5 pg/L of PS-NPs. A replicate of six test tubes for each unexposed

and exposed gametes/embryos was used in both experimental conditions.

8.2.5. Embryotoxicity
Larval development was checked in each treatment condition after 24 hpf. The percentage
of abnormal larval formation was determined by directly observing 25 larvae under an optical
microscope at a magnification of x40. Assays are validated if normal larval development is
>80% in controls (Boukadida et al., 2016, 2019).

8.2.6. Accumulation

Using the molecular rotor probe 9-(dicyanovinyl)-julolidine (DCVJ) and a fluorescence-
based methodology, the accumulation of PS-NPs in mussel larvae exposed to 16.5 pg/L of PS-
NPs after 96 hpf was evaluated, following the Gagné (2019) method. First, using a VWR Star-
Beater (5 min, 20/s shaking, with grinding balls), 2 mL of 96 hpf larvae solution (gametes
previously exposed before fertilisation and embryos exposed post-fertilization) were
homogenised in 5 mL of an ice-cold buffer solution (50 mM NaCl, 10 mM Hepes - NaOH [pH
7.4], 1 mM EDTA, and 1 mM DTT). Samples were centrifuged for 20 minutes at 2°C and
15,000 g to extract the cytosolic fraction. The supernatant that was produced was promptly
frozen at -80°C until it could be further examined. After that, samples were analysed with a
Berthold Tristar 5 spectrofluorometric microplate reader, which had emission spectra between
400 and 800 nm and excitation at 450 nm.

8.3. Results & Discussion

8.3.1. Spermatozoa & Oocytes: before and post-24 h exposure.

After 24 hours of exposure to PS-NPs, the number of spermatozoa and oocytes is
reduced (Fig. 7.1 A—B). Furthermore, the integrity of oocytes (Fig. 7.1 B) is compromised
following PS-NP exposure. Numerous studies have examined how PS-NPs affect the
reproductive systems of mussels, emphasising spermatozoa and oocytes (Gonzalez-Fernandez
et al., 2018; Tallec et al., 2018, 2020; Shi et al., 2022; Contino et al., 2023a; Romdhani et al.,
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2024). Research indicates that PS-NPs adversely affect sperm function and fertilisation
success, although there is scant direct evidence of a reduction in the quantity of these gametes.
According to Gonzéalez-Fernandez et al. (2018), PS-NPs can adhere to spermatozoa and oocyte
jelly coatings to form agglomerates that hinder fertilisation. Due to this physical interference,
less viable gametes may be available for successful reproduction. Exposure to environmental
micro- and nano-plastics in M. galloprovincialis male gametes led to an overall decrease in
viability, as it caused a decline in motility, DNA integrity, and changes to mitochondrial
membrane potential and oxidative status while increasing apoptosis (1-100 pg/L; Romdhani et
al., 2024). Moreover, in M. galloprovincialis exposed to PS-NPs (10 pg/L; 50 nm; 21 days),
changes in protein expressions in male gonads also suggest oxidative damage and apoptosis
due to PS-NPs (Chapter 7), which can have severe implications on viable spermatozoa, and
therefore, reproductive success. In the case of females, the same exposure presented the
suppression of intracellular protein transport that interferes with energy production, meiotic
progression, and hormone synthesis (Chapter 7). Additionally, inhibiting spindle organisation
may result in aneuploidy in oocytes, leading to reduced fertility or developmental abnormalities
in offspring (Chapter 7), which supports the deformities in embryo-larval development seen
here (see section 8.2.2).

Furthermore, the exposure to PS-NPs of the freshwater crustacean Daphnia galeata
resulted in abnormal embryo development and reduced reproductive success (52nm; 5 mg/L;
5 days; Cui et al., 2017). The observed reproductive abnormalities raise the possibility of
detrimental effects on gamete viability or function, even though the study did not measure
changes in the number of gametes. These studies show that PS-NPs can negatively impact
mussel reproduction by promoting abnormal embryo development, lowering fertilisation rates,
and affecting sperm integrity. The known adverse effects on gamete function and reproductive
outcomes imply that PS-NP exposure offers a serious risk to mussel reproductive health, even

though there is little direct evidence of a decline in the number of spermatozoa and oocytes.
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Control PS-NPs exposed.

A . .
(B) l .

Figure 8.1. Microscopic images of M. galloprovincialis (A) spermatozoa (B) oocytes, at a
magnification of x40, before control) and after a 24-hour exposure to 16.5 pg/L of PS-NPs.

8.3.2. Larval development

Larval development of embryos exposed to PS-NPs (Figure 7.2A) shows slightly
reduced size and malformation compared to controls. Moreover, when gametes were exposed
to PS-NPs before fertilisation (Fig. 7.2.B), the relative size of larvae from unexposed and
exposed conditions decreased exponentially. Thus, gamete exposure seems to be more
prejudicial for larval development in the case of successful fertilisation. However, more
evaluation is necessary to confirm this. Although larval development was not evaluated, in the
Pacific oyster (C. gigas), there was an increase in the relative size of spermatozoa and oocytes
that resulted from the adhesion of PS-NPs (PS-COOH; PS-NHz; 100 nm; 0.1-100 mg/L; 1, 3
and 5 h; Gonzalez-Fernandez et al., 2018).

An exposure to PS microplastic beads(0.5 um and 5 um; 0.26 mg/L and 0.69 mg/L) in
the mussel Tegillarca granosa resulted in impaired sperm motility by reducing ATP production
and cell viability, ultimately decreasing the likelihood of gamete collision (Shi et al., 2022). It
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also led to disrupted ion transport in gametes by triggering oxidative stress, leading to the
failure of gamete fusion and, therefore, hindering fertilisation success (Shi et al., 2022). In
Contino et al. (2023b), the effects of amino-modified PS-NPs with diameters of 50 nm and 100
nm on embryonic development were assessed in Artemia salina (brine shrimp). The results
showed that while hatching rates were not significantly affected, larvae exposed to these PS-
NPs showed sublethal consequences such as increased oxidative stress, apoptosis, and gut and
body size abnormalities. Adverse effects were more noteworthy at higher concentrations and
smaller PS-NPs. PS-MPs impaired gamete quality and embryonic development in C. gigas,
reducing fertilisation success rates and inducing abnormal larval development after oyster
adults were exposed for 2 months (2 and 6 um; 0.023 mg/L; Sussarellu et al., 2016).
Exposure to PS-NPs (30 nm; 100 mg/L; 96 hpf) has been linked to mortality in
zebrafish embryos (Danio rerio) (Chantho et al., 2024). According to Chantho et al. (2024),
the uptake of PS-NPs (30 nm) is predominately found in the digestive system of the larvae and
is unseen in larger PS-NPs evaluated. They can also modulate the expression levels of genes
linked to oxidative stress and apoptosis (Chantho et al., 2024). The size and concentration of
PS-NPs frequently correlate with how severe these impacts are. Thus, exposure to PS-NPs
following fertilisation may cause a variety of aquatic organisms to acquire deformities and
experience mild reductions in larval size. Variables like nanoparticle size, concentration, and
the species involved seem to determine the extent of these effects. Therefore, these findings
suggest that PS-NPs can harm the early life stages of bivalves, potentially impacting successful

reproduction and population dynamics.
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Control PS-NPs exposed. Control PS-NPs exposed.

(A)

(B)

Figure 8.2. Microscopic images of M. galloprovincialis embryos (A) control and exposed post-
fertilisation and (B) gametes control and exposed before fertilisation at 24 hpf, and embryos
(C) control and exposed post-fertilisation and (D) gametes control and exposed before
fertilisation at 96 hpf, at a magnification of 40x.

8.3.3. Accumulation

Accumulation of PS-NPs is significant in gametes compared to controls (p<0.05) (Fig.
7.3.A), whilst no significant differences are encountered in exposed embryos (p>0.05) (Fig.
7.3.B). In C. gigas, PS-NP accumulation in gametes adversely affected their function while
also impacting embryonic development (PS-NPs, PS-COOH, PS-NHz; 50 nm; 0-25 pg/mL,;
Tallec etal., 2018), and the exposure to PS-NH2 was more toxic than the other PS-NPs studied.
However, all PS-NPs significantly decreased fertilisation success and harmed embryo-larval
development (Tallec et al., 2018).

In Artemia franciscana, PS-NPs were accumulated in the intestine, where differences
were encountered in terms of locations, which depended on the type of PS-NPs (48 h; 40 nm
PS-COOH, 50 nm PS-NHz; 5-100 pg/mL; Bergami et al., 2016). PS-COOH was heavily
retained in the larval gut lumen after 48 h, and PS-NH2 (5-100 mg/ml) accumulated in larvae
and adhered to sensory antennules and appendages, potentially impairing motility (Bergami et
al., 2016). Contino et al. (2023a) reported similar findings in A. salina (PS-NH2; 50 and 100
nm; 10 and 20 mg/L). On the contrary, Capolupo et al. (2021), after assessing the effects of PS-
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MPs (virgin and loaded with chrysene; 23.67 +2.46 x103 MP/mL; 48 h) on gamete and
embryonic development of M. galloprovincialis, found that PS-MPs did not significantly
accumulate in mussel gametes or embryos, nor impact their development. Therefore, the size
of the plastic particle, along with its concentration, are crucial factors in understanding the
detrimental effects of nanoplastics towards gamete viability and reproductive success in

species that rely on external fertilisation in the marine environment.
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Figure 8.3. Accumulation of PS-NPs (A) to gametes before fertilisation and (B) after
fertilisation after 16.5 pg/L exposure of PS-NPs.

8.4. Conclusion
This work highlights the detrimental effects of PS-NPs on mussel reproduction and early
life stages. After a 24-hour exposure period, the quantity of spermatozoa and oocytes decreased

dramatically, and the integrity of the oocytes was compromised. Further evaluation is necessary
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to understand whether and how PS-NPs influence the number of gametes produced despite
their impact on gamete function and fertilisation success. Larval development was also
affected, particularly when gametes were exposed prior to fertilisation, resulting in reduced
size and deformities. PS-NPs appear to primarily impact the reproductive cells, as evidenced
by the significant accumulation of nanoplastics in gametes rather than embryos. Confirmation

of long-term ecological effects necessitates further investigation.
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CHAPTER IX

General Discussion, Conclusions and Future
Perspectives
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9. General Discussion and Conclusions

9.1. Effects of PS- NPs in Mytilus galloprovincialis

Nanoplastics are found in the marine environment either as primary nanoplastics or,
more commonly, as secondary nanoplastics. Their fate is difficult to predict, as nanoplastics
are an emerging contaminant of concern that interacts with their environmental surroundings.
The effects of these interactions have not yet been fully clarified; however, available data
indicate that nanoplastics significantly impact marine biota and ecosystems (Chapter 1, section
1.2.2; Gongalves & Bebianno, 2021). Consequently, there is a growing interest within the
scientific community regarding nanoplastics and their effects on the marine environment, as
marine organisms can interact with and ingest this plastic debris due to its particle size and
surface volume, potentially influencing seafood production and human health. In the marine
environment, there is limited data on various types of virgin nanoplastics, primarily focusing
on the effects of PS-NPs with a carboxyl group (-COOH) or an amide group (-NH2) (Chapter
1, section 1.2.2; Gongalves & Bebianno, 2021). Although not environmentally relevant, the
surface properties of nanoparticles with -COOH or -NH: functionality serve as essential model
molecules for evaluation as they provide insights into the different forms of toxicity associated
with negatively and positively charged nanoparticles (Chapter 1, section 1.2.2; Gongalves &
Bebianno, 2021). Available data suggest that these nanoparticles exert toxic effects on marine
biota, including bacterial communities, primary producers, primary and secondary consumers,
and top consumers (Chapter 1, section 1.2.2; Gongalves & Bebianno, 2021).

Furthermore, PS-NPs with an amide group exhibit greater toxicity than those with a
carboxyl group, indicating that the charge of these NPs significantly influences their
nanotoxicity (Chapter 1, section 1.2.2; Gongalves & Bebianno, 2021). Additionally, certain
marine organisms can accumulate NPs in specific tissues, leading to more detrimental effects
on these organisms (Mattsson et al., 2015, 2018; Worm et al., 2017; Peng et al., 2020).
Consequently, as many organisms ingest these particles and accumulate them within their
tissues, this highlights the need for further research into the potentially toxic effects of exposure
to various types and sizes of virgin NPs, along with different kinds and charged NPs. In a
broader context, the extensive data identifying the many effects of NPs should aid decision-
makers in considering both the production of nanomaterials and the breakdown of plastic
consumer products as potential environmental issues. Notwithstanding the scientific duty to
comprehend the toxicity of NPs and their ecological effects, the findings suggest that some
NPs are less reactive than others, offering insights into the production of less potent

nanomaterials (Chapter 1, section 1.2.2; Gongalves & Bebianno, 2021).
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To understand the effects of NPs (50 nm) in the ocean, the behaviour of NPs in seawater
was assessed. When in seawater, PS-NPs of 50 nm aggregate, as indicated by the increased
hydrodynamic diameter found in seawater compared to freshwater (Gongalves et al., 2022b;
Chapter 3). The abiotic and biotic characteristics of seawater, such as high salt content, natural
organic matter (NOM), inorganic colloids, and ultraviolet (UV) radiation, influence the nano-
specific properties, structure, cohesion, and aggregation of particles (Gongalves et al., 2022b;
Chapter 3). Therefore, the chemical composition and size of nanoplastics are essential
considerations, as these factors, together with the abiotic and biotic characteristics of seawater,
can all affect the hydrodynamic diameter of these particles. Following the behaviour of NPs in
seawater, mussels M. galloprovincialis were exposed to NPs (50 nm; 10 ug/L) for 28 days. The
marine mussel M. galloprovincialis ingests PS-NPs, which can be found in the gills, digestive
glands, and gonads (Gongalves et al., 2023, 2025; Chapters 2, 6). This ingestion is tissue- and
time-specific, predominating in the gonads (Gongalves et al., 2023; Chapter 2). These results
lead us to examine gender differences. The uptake of PS-NPs in the gonads suggests that
females are more adversely affected than males and that the ingestion patterns are also specific
to sex (Gongalves et al., 2025; Chapter 6).

Furthermore, the exposure to PS-NPs (50 nm; 10 pg/L; 21 days) induces neurotoxicity
in the gills of mussels and reduces the number of viable haemocytes in the bloodstream of these
organisms (Gongalves et al., 2022b; Chapter 3). PS-NPs also cause mussels' genotoxicity,
threatening their DNA's integrity (Gongalves et al., 2022b; Chapter 3). Toxicity levels assessed
through evaluations of oxidative stress and damage indicate that the antioxidant defence system
in mussel tissues is overwhelmed by ROS generation due to PS-NP exposure, resulting in
oxidative damage to the gills, digestive glands, and gonads of mussels, with females
experiencing the highest levels of lipid peroxidation (Gongalves et al., 2022b, 2023; Gongalves
& Bebianno, 2023; Chapters 2, 3, 5). It is understood that females require double the lipid
content as an energy source during gametogenic stages, which may explain the observed sexual
differences (Martinez-Pita et al., 2012). Focusing on the gills, this tissue shows an adaptive
response, potentially activating repair mechanisms such as autophagy (Gongalves et al., 2022b;
Chapter 3). However, further investigation is necessary to understand how this adaptive
response operates. A SWATH/MS proteomic analysis of the gills and digestive glands could
illuminate the underlying biological processes, cellular components, and molecular functions
contributing to this adaptive response to PS-NP exposure. Given the higher uptake in the
gonads (Gongalves et al., 2023, 2025; Chapter 2, 6), a quantitative proteomic approach was

employed to gain a deeper understanding of the observed effects in male and female mussels
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and to clarify the differences in the impact of NP exposure on gender. In the gonads of both
male and female mussels, the quantitative proteomic analysis reveals numerous protein
changes, with higher occurrences in males, affecting biological processes, cellular components,
and molecular functions. This high-throughput analysis provides insights into the processes of
ingestion, oxidative stress, and damage responses. PS-NP ingestion in male mussels
significantly alters protein expression compared to females, disrupting protein synthesis,
energy production, intracellular transport, and cellular homeostasis (Chapter 7).

Furthermore, the altered protein expressions in male mussels following exposure to PS-
NPs (10 pg/L; 50 nm; 21 days) indicate oxidative damage, as detailed in Chapter 6 (section
6.3.3) (Gongalves et al., 2025), and apoptosis (Chapter 7). This may lead to a decline in sperm
viability and reproductive success. Further investigation into sperm viability and motility is
crucial to decipher the effects of PS-NPs on male gametes. Nevertheless, all these changes may
represent an adaptive response to ROS generation due to the presence of PS-NPs, enabling
male mussels to counterbalance and maintain cellular homeostasis, as evidenced by the
oxidative stress and damage observed here compared to females. The proteomic analysis
revealed that, in female mussels, PS-NPs disrupt proteins associated with processes such as
translation, RNA processing and signalling, ribosome biogenesis, the cell cycle, stress
response, protein folding, lipid metabolism, and calcium signalling pathways, ultimately
impairing oogenesis, meiotic progression, intracellular trafficking, and energy metabolism—
factors that could negatively affect reproductive success (Chapter 7). Consequently, female
mussels cannot counterbalance oxidative stress, suffer oxidative damage, and are thus at greater
risk from exposure to PS-NPs. The Weight-of-Evidence model reinforces this assertion by
providing a synthetic hazard index based on a specifically developed algorithm and
mathematical procedure (Regoli et al., 2019).

Furthermore, following the evaluation of PS-NP effects on mussel gametes and early life
stages, the number of spermatozoa and oocytes decreases, alongside compromised integrity of
oocytes that can hinder the success of external fertilisation in mussels, thereby having a
detrimental impact on biodiversity (Chapter 8). The upregulated and downregulated protein
expressions from exposure to PS-NPs provide insight into the impacts on gametogenesis,
gametes, and embryo-larval development. The effects observed on embryo-larval development
were significantly more pronounced when gametes were exposed beforehand, as opposed to
exposure following fertilisation. The reduced size and deformities relative to controls confirm
this and suggest that PS-NPs are more hazardous during gametogenic stages and to gametes

than to larvae (Chapter 8). This indicates that fertilisation and reproductive success are at risk,
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necessitating confirmation of long-term ecological effects and further investigation.
Nonetheless, these results highlight the importance of understanding the toxicity of
nanoplastics to marine organisms, as their ability to accumulate and harm biota is highly
concerning. Furthermore, the removal of nanoplastics from the aquatic environment remains
unresolved, and these tiny plastic particles pose a significant threat to the marine ecosystem.
Additionally, as shellfish are an essential part of the Mediterranean diet, humans are also at

risk (Barboza et al., 2024).

9.2. Effects of mixture of CECs in Mytilus galloprovincialis

In the marine environment, several contaminants are present, and emerging contaminants
such as nanoplastics, metal nanomaterials, and pharmaceutical compounds are a cause for
concern due to their potentially detrimental effects on the health of marine biota. Consequently,
this thesis assesses the effects of three emerging contaminants of concern (PS-NPs, 5-FU, and
nAg) on the Mediterranean mussels M. galloprovincialis, analysed either individually or in
combination, to evaluate the antagonistic, synergistic, or cumulative effects that these three
contaminants may produce in this bivalve species (Gongalves et al., 2022a; Gongalves &
Bebianno, 2023; Chapter 4, 5). The individual effects of PS-NPs are outlined in section 9.1 of
this chapter.

The effects of 5-FU are crucial to assess, as it has been detected in seawater, with
concentrations ranging from 0.01 to 41 ng/L in surface waters and 0.3 to 2.5 ng/L in European
waters (Misik et al., 2019; Heath & Isidori, 2020). 5-FU is a straightforward chemotherapeutic
agent for neoplasms, particularly in cases of breast, gastric, pancreatic, and colorectal
adenocarcinoma (Mahnik et al., 2007; Casale & Patel, 2024). With the rising number of cancer
patients and, consequently, the increased use of 5-FU (Infarmed, 2023) (Chapter 1, section
1.4.1; Gongalves & Bebianno, 2021), this cytostatic drug inevitably ends up in hospital
effluents, sewage systems, and surface run-offs, regardless of the dosage administered. Due to
the inadequate removal of these pharmaceuticals in wastewater treatment plants (WWTPs), 5-
FU and its metabolites inevitably enter aquatic environments, whether freshwater or marine;
for this reason, it is considered a CEC. Another concern is the amplified toxic effects of 5-FU
when it interacts with other emerging contaminants (Chapter 1, section 1.4.5; Chapter 4, 5, 6;
Gongalves et al., 2022a, 2025; Gongalves & Bebianno, 2023). In summary, enhancing the
treatment and/or removal of cytostatic drugs warrants substantial attention to reduce these
pharmaceuticals' presence in aquatic environments, as decreasing administration among cancer

patients is not a viable option.
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Regrettably, WWTPs lack the technology to break down or remove CECs effectively. This
eventually releases them into the aquatic environment, where they inevitably form mixtures.
As contaminants interact, these mixtures can exhibit more pronounced toxic effects. For
instance, plastic particles are known to adsorb pharmaceuticals, and depending on the type,
size, and concentration of both the plastic particles and the pharmaceuticals involved, either
synergistic or antagonistic toxic consequences may arise (Santana-Viera et al., 2021).

Due to their nature, cytostatic drugs in the marine environment, such as 5-FU, raise
significant concerns; thus, mussels were exposed to 5-FU (10 pg/L) for 21 days. Its application
as a chemotherapeutic agent and its mode of action induce genotoxicity in mussels,
compromising DNA integrity (Matuo et al., 2009; Gongalves et al., 2022a; Chapter 4).
Nevertheless, when assessing oxidative stress and damage, the mussel’s antioxidant defence
system effectively countered ROS generation resulting from the presence of the pharmaceutical
in the three tissues evaluated (Gongalves et al., 2022a, 2025; Gongalves & Bebianno, 2023;
Chapters 4, 5, 6). However, these pharmaceuticals are not the only contaminants that enter the
aquatic environment, and when analysing the cumulative effects in mixtures with other
emerging contaminants such as PS-NPs and nAg, the severity of their toxicity amplifies
(Goncalves & Bebianno, 2023; Goncalves et al., 2025; Chapters 5, 6).

Silver nanoparticles (nAg) account for over 50% of nanomaterials in consumer
products worldwide (Pulit-Prociak & Banach, 2016). They are frequently found in personal
care products, antimicrobial coatings, photonic devices, and the textile industry (Maillard &
Hartemann, 2013; Lee & Jun, 2019; Pereirados et al., 2020). A considerable portion of nAg in
the environment stems from its release through consumer products, with reported levels
ranging from 0.03 to 0.08 mg/L (Fernandes et al., 2017). While the effects of nAg in the marine
environment have been extensively studied, particularly in mussels M. galloprovincialis, and
its mode of action is well understood (Auguste et al., 2018; Gomes et al., 2013; Lorusso et al.,
2022; McCarthy et al., 2013; Rezvani et al., 2019), the impact on marine organisms exposed
to a mixture of emerging contaminants remains unclear.

Mussels exposed to a mixture of PS-NPs, 5-FU, and nAg exhibited synergistic
interactions, enhancing the toxicity of the assessed contaminants. The results indicate that the
mixture induced mussels' time- and tissue-specific toxicity (Gongalves et al., 2022a; Gongalves
& Bebianno, 2023; Chapters 4, 5). Of the three tissues evaluated, the gonads experienced the
most damage, although synergistic interactions were evident during acute exposures, with
prolonged exposure periods leading to antagonistic interactions among the contaminants. In

this context, the properties of nAg play a critical role in diminishing the toxicity experienced
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by mussels (Gongalves & Bebianno, 2023; Chapter 5). This is further supported by findings
from when mussels were exposed to a combination of PS-NPs and 5-FU (Gongalves et al.,
2025; Chapter 6).

In comparison to their counterparts, the analysis of the mixture of PS-NPs and 5-FU
indicates that it is highly toxic to mussels, with synergistic interactions observed throughout
the exposure period. This suggests that 5-FU is adsorbed onto PS-NPs, enhancing the toxicity
of both contaminants and resulting in a more hazardous outcome for mussels (Gongalves et al.,
2025; Chapter 6). Considering gender differences, the WOE concludes that females are
significantly more affected during prolonged exposure than males, jeopardising gonadal
development, oogenesis, and, consequently, reproductive success. Nevertheless, males also
experience adverse effects from exposure to these emerging contaminants, threatening
spermatozoa motility and viability. Given the proteomic results for PS-NPs and the fact that
the mixture of PS-NPs and 5-FU is considerably more toxic than the individual contaminants,
it can be inferred that the upregulations and downregulations in protein expression are more
pronounced in mussels exposed to the mixture. However, further investigation is required to
confirm this assumption.

Overall, exposure to a mixture of CECs jeopardises mussels' health status, and they
cannot counteract the toxic effects exacerbated by this “cocktail” of contaminants. More
specifically, the reproductive organs of mussels are significantly more affected than the other
assessed tissues, lacking the ability to rebound from the toxicity of these contaminants. As a
result, gametogenesis and the release of viable gametes for external fertilisation are hindered.
The gametes in the water column, which come into contact with these contaminants, suffer
even greater harm, as their essential properties for successful reproduction are compromised.
This situation indicates a decline in fertilisation success, leading to a loss of biodiversity.

In conclusion, the effects of emerging contaminants of concern in the marine
environment require substantial attention from the scientific community. These contaminants
evaluated here inevitably exist as mixtures, and their risks increase due to the potential
amplification of their toxic properties through interactions. Focusing on these effects on
reproductive organs and reproductive success is essential, as it can aid in understanding how

population dynamics may be affected, given that reproduction is vital for a healthy ecosystem.
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9.3. Future Perspectives

Based on the results obtained, further investigation is necessary to fully understand the
effects of the CECs identified by the European Union. Therefore, for future research, several
pathways are highlighted:

e Examine the effects of CECs on mussels during each gametogenic stage.

e Examine the impacts of CECs on gametes obtained from exposed adults and,
consequently, the effects on the subsequent generation.

e Examine the effects of CECs on spermatozoa motility and viability alongside oocyte
robustness and viability.

o Assess the effects of embryo-larval development, including ROS.

e Proteomic and genomic analysis of female and male mussels exposed to other CECs and
mixtures of CECs.

e Gametes can be cryopreserved, reducing the number of animals used in experiments. The
European Union is also concerned about this, which European legislation covers
(Directive/2010/63/EU).

e 3D cell cultures can replace 2D cell cultures to more accurately analyse the toxic effects
of CECs. They can mimic tissues and contribute to reducing the number of animals
used in experiments.

e Restructuring and enhancing WWTPs is crucial to prevent CECs from entering aquatic
environments. For instance, developing a mechanical mussel that uses its filter-feeding
properties to remove nanoparticles from WWTPs is vital. This could represent an

innovative solution to reducing the levels of these compounds entering the ocean.
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ANNEX |
Chapter 4 — Assessing the effects of the cytostatic drug 5-Fluorouracil alone and in a

mixture of emerging contaminants on the mussel Mytilus galloprovincialis

4.1. Following the single-dose factorial design explained by Ritz et al. (2021) for binary
mixtures, this method has been adapted for tertiary mixtures. This design combines
three factors (3 contaminants) with two levels, resulting in five treatments: control,
5FU, nPS, nAg and a mixture of the three (Mix =5FU + nPS + nAg). The antagonistic
or synergistic effect claim is only valid for the chosen concentrations evaluated here.
Both dose addition and independent action models were used as follows, and values

were calculated for all sampling times and all biomarkers analysed:

4.1.1. Dose addition

Eadd = (ESFU - Econtrol) + (EnPS - Econtrol) + (EnAg - Econtrol)
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Any antagonistic or synergistic effect can be defined as the difference (Dda) between
the observed response (control) and the predicted effect. The following equation

defines the difference:

Dya = Emix — Espy — Enps — EnAg + Econtrot

Exposure time
(days)

CAT

GPx

GST

LPO

4.1.2.

Independent effect
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_ Espy X Enps X Enag

E.
tnd (Econtrol)2

Exposure SOoD CAT GPx GST LPO
time (days)

Any antagonistic or synergistic effect can be defined as the difference (Dia) between

the observed and reference effects under the assumption of independent action. The
following equation defines the difference:

Diq = Emix — Eina

Exposure SOD CAT
| time (days)

GPx GST LPO

The exact process was carried out for genotoxicity in mussel haemolymph. The
results are as follows:

Exposure Genotoxicity
time (days) Eadd
0 0
3 48
14 41
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ANNEX 11

Chapter 7 — Gender differences in protein expression after polystyrene nanoplastics

exposure in mussels Mytilus galloprovincialis.

Protein

Complete list of Proteins identified

Uniprot accession Protein Name Number Peptides P
tr| AOASBGEYDS | AOABBEEYDS_MYTGA AOASBEEYDS Elongation factor 2 15 PO0O1
tr| AOABBGEYF2 | AOASB6EYF2_MYTGA AOABBGEYF2 Uncharacterized protein 15 P0002
tr| AOASB6FQW6 | ADASB6FQWE_MYTGA AOASBEFQWE Transaldolase 14 P0003
tr| AOASBGFUA41|ADABBEFU4T_MYTGA AOASBEFU4L Hemicentin 14 P0004
tr| AOABB6GSF3 | AOABB6GSF3_MYTGA AOABB6GSF3 Aubergine 14 P000S
tr| AOASB6GA99 | ADASB6GAII_MYTGA AOASBEGAIY E1 ubiquitin-activating enzyme 14 P0006
tr| AOASBEGANS | AOABBEGANS_MYTGA AOA8BEGAN9 guanylate cyclase 14 P0007
tr| AOASB6GXC1 | ADASB6GXC1_MYTGA AOASBEGXC1 Clathrin heavy chain 14 P0008
tr| AOASB6H3U1| AOASBEH3U1_MYTGA A0A8BEH3UL Actinin alpha 14 P0009
tr| AOASBEHS76 | AOASBEH576_MYTGA AOABBEHS76 Otoancorin 14 P0010
tr| AOASBGHIRO | AOASBGHIRO_MYTGA AOASBEHIRO Heparan sulfate proteoglycan 2 (Perlecan) 14 PO011
tr| AOASBGHTO2 | AOABBEHTO2_MYTGA AOA8BEHT02 Armadillo repeat-containing protein 4 14 P0012
tr|C0Z203|C0Z203_MYTGA 02203 Heat shock protein 90 14 P0013
tr[11VYX3|I1VYX3_MYTGA 11V¥X3 Isocitrate dehydrogenase [NADP] 14 PO014
tr| AOASB6CGS 3 | AOASBECGS3_MYTGA AOA8B6CGS3 phosphoenolpyruvate carboxykinase (GTP) 13 P0015
tr| AOASB6CGD1| ADABBECGD1_MYTGA AOASB6CGD1 lease d protein 1 (Fragi 13 P0016
tr| AOASB6CRC1|ADABB6CRC1_MYTGA AOASBECRCL ATP synthase subunit alpha 13 P0017
tr| AOASBECYAT | AOABBECYA7_MYTGA AOASBECYA7 Poly [ADP-ribose] polymerase 13 P0018
tr| AOA8B6DZ81|ADABB6DZ81_MYTGA AOA8BEDZ81 3 gena 13 P0019
tr| AOASBGEPKS | AOABBEEPKS_MYTGA AOASBEEPKS g nuclear ri in R 13 P0020
tr| AOABBEFOPS | AOASBEFOPS_MYTGA AOABBGFOPS Talin 13 P0021
tr| AOASBGF176 | ADASBEF176_MYTGA AOABBEF176 Vitellogenin 13 P0022
tr| AOASBEFNHS | AOASBEFNHS_MYTGA AOASBEFNHS 405 ribosomal protein 54 13 P0023
tr| AOABB6H439 | ADASBEHA39_MYTGA AOABB6HA439 like domain- ing protein 13 P0024
tr| AOASBGH7P1|AOASBGH7P1_MYTGA AOASBEH7P1 Collagen, type VI, alpha 13 P0025
tr| AOASBGH8X 1| AOASBEHEX1_MYTGA AOASBEHBX1 ATP synthase subunit beta (Fragment) 13 P0026
tr| AOASBEBDMS | AOASB6BDMS_MYTGA AOASBEBDMS T-complex protein 1 subunit eta 12 P0027
tr| AOASB6BVQS | AOASB6BVQS_MYTGA AOASBEBVQS Dynein heavy chain, axonemal (Fragment) 12 P0028
tr| AOASB6CKS3 | AOABBECKS3_MYTGA AOA8BECKS3 Creatine kinase (Fragment) 12 P0029
tr| AOASB6CW94 | ADASB6CWIA_MYTGA AOABBECWI4 Alpha-1,4 glucan phosphorylase 12 P0030
tr| AOASBED196 | AOASBED196_MYTGA A0A8BED196 Aminopeptidase 12 P0031
tr| AOASBEDIC7 | AOASBEDIC7_MYTGA AOA8BEDICT T-complex protein 1 subunit alpha 12 P0032
tr| AOASB6DZ82 | ADABB6DZ82_MYTGA A0A8BEDZ82 Heat shock 70kDa protein 5 12 P0033
tr| AOASBGE7D7 | ADABB6E7D7_MYTGA AOABBEE7D7 T-complex protein 1 subunit gamma 12 P0034
tr| AOASBGES13 | AOABBGES13_MYTGA AOABBGES13 Uncharacterized protein 12 P0035
tr| AOASBGEVV6 | AOASBEEVVE_MYTGA AOASBEEVVE Importin N-terminal domain-containing protein 12 P0036
tr| AOASBGEYE1 | AOASBGEYEL_MYTGA AOABBEEVEL Uncharacterized protein 12 P0037
tr| AOASB6F1U6 | AOABBEF1U6_MYTGA AOABBEF1UG Cilia-and flagella-associated protein 52 12 P0038
tr| AOASBGF498| ADABBEFA98_MYTGA AOASBEFA98 Acyl-coenzyme A oxidase 12 P0039
tr| AOASBGFPF3 | AOABBEFPF3_MYTGA AOASBEFPF3 Myosin heavy chain 6/7 12 P0040
tr| AOASB6GOD3 | ADABBEGOD3_MYTGA A0A8B6GOD3 Amine oxidase domain-containing protein 12 P0041
tr| AOASB6GZC3 | ADABB6GZC3_MYTGA AOA8B6GZC3 Cullin-associated NEDD8-dissociated protein 1 12 P0042
tr| AOASBEHAC2 | AOASBEHAC2_MYTGA AOASBEHAC2 genase, decar 12 P0043
tr| AOASB6CS531|ADABB6CS31_MYTGA AOA8B6C531 Receptor ligand binding region domain-containing protein 11 P0044
tr| AOASBEC6WI | ADASBECEWI_MYTGA AOASBECEWS RNA helicase 11 P0045
tr| AOABB6CDYS | AOABBECDYS_MYTGA AOABB6CDYS T-complex protein 1 subunit theta 11 P0046
tr| AOASB6CMG1 | AOASB6CMG1_MYTGA AOASBECMG1 enoyl-CoAhydratase 11 P0047
tr| AOASBED126 | AOASBED126_MYTGA A0A8BED126 Glycine~tRNA ligase 11 P0048
tr| AOASB6DACS | AOASBEDACS_MYTGA AOA8B6DACS Cathepsin D 11 P0049
tr| AOASBEDFYO| AOASBEDFYO_MYTGA AOASBEDFYO Spectrin beta chain 11 P0050
tr| AOASBEDIL7 | AOABBEDIL7_MYTGA AOA8BEDILT Vitellogenin domain-containing protein 11 POOS1
tr| AOASB6DY98 | ADABBEDYIB_MYTGA AOA8BEDY98 Patched 1 11 P0052
tr| AOASBGE331| AOABBEE331_MYTGA AOA8BEE331 C-typelectin domain-containing protein 11 P0053
tr| AOABB6EGA7 | AOASBEE647_MYTGA AOABB6E647 Uncharacterized protein 11 P0054
tr| AOASBGEPIS | ADASBGEPIS_MYTGA AOABBEEPIS Aldehyde dehydrogenase (NAD+) 11 P00SS
tr| AOASBGEUI4 | ADASBGEUIA4_MYTGA AOASBEEUI4 H(+)}transporting two-sector ATPase 11 P0056
tr| AOABBGFH63 | AOABBEFHE3_MYTGA AOABBGFHE3 Uncharacterized protein 11 P0057
tr| AOASB6G158 |ADABB6G1S8_MYTGA AOASB6G1S8 Protein disulfide-isomerase 11 P0058
tr| AOASB6G3F1|AOABB6G3F1_MYTGA AOA8BEG3F1 Creatinekinase 11 P00S59
tr| AOASB6GACE | AOASB6GACE_MYTGA AOABBEGACE Dynein heavy chain, axonemal 11 P0060
tr| AOASB6GHQ1 | AOABBEGHQ1_MYTGA AOASBEGHQL Tektin 11 PO061
tr| AOASBGHOJ3 | AOASBEHOI3_MYTGA AOA8BEHOI3 Uncharacterized protein 11 P0062
tr| AOASBG6H8Q8 | ADASBEHBQ8_MYTGA A0A8B6HB08 Uncharacterized protein 11 P0063
tr| AOASBGHCL2 | AOABBEHCL2_MYTGA AOASBEHCL2 Hemicentin 11 PO064
tr| AOABBGHL13 | AOABBEHL13_MYTGA AOABBGHL13 Vitellinogen open beta-sheet domain-containing protein 11 P006S
tr| AOASBGHNF8 | AOASBGHNF8_MYTGA AOASBEHNF8 VWFD domain-containing protein 11 P0066
tr| AOASBEHSX3 | AOABBEHSX3_MYTGA AOASBEHSX3 proton-translocating NAD(P)(+) transhydrogenase 11 P0067
tr| AOASB6BGH3 | AOABBEBGH3_MYTGA AOABB6BGH3 T-complex protein 1 subunit epsilon 10 P0068
tr| AOASB6C556 | ADABB6CS56_MYTGA AOABBEC556 threonine~tRNA ligase 10 P0069
tr| AOASB6C763 | ADABB6C763_MYTGA AOA8B6C763 Plastin-3 10 P0070
tr| AOASBGCGX8 | ADASB6CGX8_MYTGA AOABBECGX8 Importin subunit alpha 10 P0071
tr| AOASB6CGZ3 | ADABB6CGZ3_MYTGA AOA8B6CGZ3 Aconitate hydratase, mitochondrial 10 P0072
tr| AOASBEDI58 | AOABBEDISS_MYTGA AOA8B6DISE Spectrin alpha 10 P0073
tr| AOASB6DKJ4 | ADABBEDKI4_MYTGA AOA8BEDKI4 Uncharacterized protein 10 P0074
tr| AOASBEDZWI | AOASBEDZWI_MYTGA AOA8BEDZWY Kringle domain-containing protein 10 P0075
tr| AOABBGEPWS | AOABBGEPWS_MYTGA AOABBEEPWS Myosin heavy chain 10 P0076
tr| AOASBGF1F4 | AOABB6F1F4_MYTGA AOASBEF1F4 Coatomer subunit beta 10 P0077
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tr| AOABB6F587 | AOASBEF587_MYTGA AOABB6F587 MICOS complex subunit MIC60 10 P0078
tr|ADASB6F9)1|ADASB6FI)1_MYTGA AOA8BEFIJ1 T-complex protein 1 subunit zeta 10 P0079
tr| AOABB6FGC7 | AOABBEFGC7_MYTGA AOABBGFGCT reduct bunit M1 10 0080
tr|ADABB6FGP7 | AOABB6FGP7_MYTGA AAOABBGFGP7 Alpha-1,4 glucan phosphorylase 10 P0081
tr| AOABB6FGVS | AOABBEFGVS_MYTGA AOABBGFGVS Dynein heavy chain, axonemal 10 0082
tr| AOABBEFHE6 | AOABBEFH66_MYTGA AOABBEFHE6 Elongation factor 1-gamma 10 P0083
tr|ADABB6FRY3 | AOASBEFRY3_MYTGA AOASB6FRY3 Carbamoyl-phosphate synthase / aspartate carbamoyltransfc 10 P0084
tr| AOABB6FSV1 | AOABBGFSV1_MYTGA AOABB6FSV1 Uncharacterized protein 10 P008S
tr| AOABBEFUGS | AOASBEFUGS_MYTGA AOABBEFUGS 265 proteasome non-ATPase regulatory subunit 13 10 P0086
tr| AOA8B6GAHO | AOA8B6GAHO_MYTGA AOA8BEGAHO Calcium-transporting ATPase 10 P0087
tr| AOABB6GIQB | AOABB6GIQS_MYTGA AOABB6G9IQ8 Laminin, alpha 3/5 10 0088
tr| AOABB6GB76 | ADASBEGB76_MYTGA AOABB6GB76 Uncharacterized protein 10 P0089
tr| AOABB6GBKS | AOABB6GBKS_MYTGA AOABB6GBKS C-1-tetrahydrofolate synthase, cytoplasmic 10 0090
tr] AOABB6GPC6 | AOASBEGPC6_MYTGA AOABB6GPC6 Laminin, gamma 1 10 P0091
tr| AOASBGHBAS | AOASBEHBAS_MYTGA AOABBGHBAS NADH-ubiguinone oxidoreductase 75 kDa subunit, mitocho 10 P0092
tr| AOABBEHIX2 | ADASBEHOX2_MYTGA AOABBEHIX2 Myosin heavy chain 6/7 10 0093
tr| AOABB6HB25 | AOASBEHB25_MYTGA AOABBEHB25 Serine/threonine-protein phosphatase 2A regulatory subuni 10 P0094
tr| AOASB6HDB4 | AOASB6HDB4_MYTGA AOA8BEHDB4 Actin-interacting protein 1 10 P0095
tr| AOABB6HF54 | AOABBEHF54_MYTGA AOABBEHFS4 Adducin 10 P0096
tr| AOABBEBGIO | AOASBEBGIO_MYTGA AOABBEBGIO Rab GDP dissociation inhibitor 9 P0097
tr| AOA8B6BIS7 | ADASB6BIS7_MYTGA AOA8B6BI87 265 proteasome regulatory subunit TS 9 P0098
tr| AOABB6BT14 | AOASBEBT14_MYTGA AOABB6BT14 Large subunit ribosomal protein L4e 9 P0099
tr| AOABB6C847 | AOABB6C847_MYTGA AOABB6C847 Major vault protein 9 P0100
tr| AOABB6CIAS | AOASB6CIAS_MYTGA AOA8B6CIAS Alanine-tRNA ligase 9 P0101
tr| AOABBECAF7 | AOASBECAF7_MYTGA AOABBECAF7 D-3-phosphoglycerate dehydrogenase 9 P0102
tr| AOASB6CB10|AOA8B6CB10_MYTGA AOA8B6CB10 VWFA domain-containing protein 9 P0103
tr| AOABB6CHQSB | AOABBECHQ8_MYTGA AOABB6CHQB TOG domain-containing protein 9 0104
tr| AOABB6CI76 | AOABBECI76_MYTGA AOABB6CI76 Isocitrate dehydrogenase [NAD] subunit, mitochondrial (Fra; 9 P0105
tr| AOABB6CNW7 | AOABBECNW7_MYTGA AOABBECNW7 Coatomer subunit beta 9 P0106
tr| AOABB6DS88 | ADASBED588_MYTGA AOABBED588 Exportin-1 9 0107
tr| AOABBEDVSS | ADASBEDV58_MYTGA AOABBEDVSS Idehyde dehy domai ing protein 9 P0108
tr| AOA8B6DZ60 | AOABB6DZ60_MYTGA ADA8B6DZ60 isoleucine-tRNA ligase 9 P0109
tr| AOABB6EBM4 | AOASBEEBMA_MYTGA AOABB6EBMA4 Coatomer subunit alpha 9 P0110
tr| AOASB6EC17 |AOA8B6EC17_MYTGA AOA8BGEC17 DNA replication licensing factor MCM2 9 PO111
tr| AOABB6ECS2 | AOASBEEC82_MYTGA AOABBGEC82 tein 3-bet: rans 9 PO112
tr| AOABBGEHS2 | AOABBEEH82_MYTGA AOABBGEHS2 Leucyl aminopeptidase 9 P0113
tr| ADASB6EJOS | ADASBEEIOS_MYTGA AOA8B6EJOS Ras GTPase-activating-like protein IQGAP1 9 P0114
tr| AOABBGELM?7 | AOASBEELM7_MYTGA AOASBGELM?7 VWFA domain-containing protein 9 PO115
tr| AOABBGEUSA | AOABBEEUSA_MYTGA AOABBGEUSA Na(+)/H(+) exchange regulatory cofactor NHE-RF1 9 PO116
tr| AOASB6EVAG | AOASBEEVAG6_MYTGA AOABBGEVA6 uTP-gl 1 uri 9 P0117
tr| AOABB6FPYS | AOABBSFPY5_MYTGA AOABBGFPYS Tektin 9 P0118
tr| AOABBGFT60 | AOABBEFTE0_MYTGA AOABBGFT60 Radial spoke head protein 4A 9 P0119
tr| AOABBGFW92 | AOABBEFWI2_MYTGA AOABB6FW92 Molecular chaperone Dnak 9 P0120
tr] AOABB6GSS6 | AOABBEGSS6_MYTGA AOABB6GS5S6 Prohibitin 9 P0121
tr| AOABB6GIAO | AOASBEGIAD_MYTGA AOABB6GIAD Aspartate aminotransferase 9 P0122
tr| AOABB6GHXO | AOABBEGHXO_MYTGA AOABB6GHXO 265 proteasome regulatory subunit N3 9 P0123
tr| AOABB6GL7 1| AOABB6GL71_MYTGA AOABB6GL71 Sperm-associated antigen 6 9 P0124
tr| AOABB6GSX9 | AOA8BEGSX9_MYTGA AOA8BBEGSX9 Chaperonin GroEL 9 P0125
tr| AOABB6GZE3 | AOASBEGZE3_MYTGA AOABB6GZE3 Uncharacterized protein 9 P0126
tr| AOABBEHQH7 | AOABBEHQH7_MYTGA AOABBEHQH7 Heat shock 70kDa protein 4 (Fragment) 9 P0127
tr| AOASB6HS)1|ADASBEHSI1_MYTGA AOA8BEHSI1 Trichohyalin 9 P0128
tr|Q6BD10|Q6BD10_MYTGA Q6BD10 Elongation factor 1-alpha 9 P0129
tr| AOA8B6BJ49 | AOABB6BI49_MYTGA AOA8B6BJ49 Vinculin 8 P0130
tr| AOABB6BRGO | AOASBEBRGO_MYTGA AOABBEBRGO Dynein heavy chain 1, cytosolic 8 P0131
tr| AOABB6C281| AOABB6C281_MYTGA AOABB6C281 Advillin 8 P0132
tr| ADA8B6CCI8 | ADABB6CCI8_MYTGA AOA8B6CCI8 265 proteasome regulatory subunit N6 8 P0133
tr| AOABB6CPSS | AOABBECP8S_MYTGA AOABB6CP8S Selenium-binding protein 1 8 P0134
tr| AOABB6CPS6 | ADASBECPSE_MYTGA AOABB6CPS6 RuvB-like helicase 8 P0135
tr| ADABB6CX88 | AOA8B6CX88_MYTGA AOA8B6CX88 Small ribosomal subunit protein eS1 8 P0136
tr| AOABB6D042 | ADASBEDO42_MYTGA AOA8B6DO042 Laminin, beta 1 8 P0137
tr| AOABBEDAX4 | AOASBEDAXA_MYTGA AOABBEDAX4 Hypoxia up-regulated protein 1 (Fragment) 8 P0138
tr| AOABB6D)12 | ADASBEDI12_MYTGA AOA8B6DI12 Outer dense fiber protein 3 8 P0139
tr| AOABB6DIVI | AOASBEDIVI_MYTGA AOABBEDIVO Transitional endoplasmic reticulum ATPase 8 P0140
tr| AOA8B6DVO7 | AOA8BEDVO7_MYTGA AOA8BEDVO7 RNA helicase 8 P0141
tr| AOABB6ES70 | ADASBEES70_MYTGA AOABB6ES70 Calcium binding protein 39 8 P0142
tr| AOABB6E9A2 | AOASBEEI42_MYTGA AOABB6E942 Dynein heavy chain, axonemal 8 P0143
tr| AOASB6EE91 | AOASB6EEI1_MYTGA AOA8BGEE9L Neural cell adhesion molecule 8 P0144
tr| AOABB6EH32 | AOABB6EH32_MYTGA AOABBGEH32 Uncharacterized protein 8 PO145
tr| AOABBGEIW3 | AOABBGEIW3_MYTGA AOASBGEIW3 alaninetransaminase 8 P0146
tr| AOABBGEPFS | AOABB6EPFS_MYTGA AOASBGEPFS Propionyl-CoA carboxylase beta chain, mitochondrial 8 P0147
tr| AOABBGETBS | AOABBGETBS_MYTGA AOABBGETBS Nucleolin 8 P0148
tr| AOA8B6F4R7 | AOABB6FAR7_MYTGA AOA8BEF4R7 Adenylate kinase 8 P0149
tr|ADABB6F7Q1 | ADABB6F7Q1_MYTGA AOA8B6F7QL Collagen, type XVIlI, alpha 8 P0150
tr| AOABBGFIW7 | AOABB6FIW7_MYTGA AOABBEFIW7 Solute carrier family 25 (Mitochondrial phosphate transport 8 PO151
tr| AOASB6FXU3 | AOA8B6FXU3_MYTGA AOA8BEFXU3 Protein disulfide-isomerase A6 8 P0152
tr| AOABBGFYI7 | AOABBEFY)7_MYTGA AOABBGFYI7 Armadillo repeat-containing protein 3 8 P0153
tr| AOABB6G6US | AOABBEGEUS_MYTGA AOABB6G6US Core-binding (CB) domain-containing protein (Fragment) 8 P0154
tr| AOABB6GFS3 | AOA8B6GFS3_MYTGA AOASB6GFS3 Dynein heavy chain, axonemal (Fragment) 8 P0155
tr| AOABB6GKEO | AOABBEGKEO_MYTGA AOABBEGKED Aldehyde dehydrogenase (NAD+) 8 PO156
tr| AOABBEGNS7 | ADABBEGNS7_MYTGA AOABB6GNS7 DNA replication licensing factor MCM7 8 PO157
tr| AOABBEGNS7 | AOABBEGNS7_MYTGA AOABB6GNS7 Electron transfer flavoprotein subunit alpha 8 PO158
tr| AOABBEHIQI | AOABBEHIQ9_MYTGA AOABB6HIQI Filamin 8 P0159
tr| AOASB6HGI4 | AOABBEHGI4_MYTGA AOA8BEHGI4 Gelsolin 8 P0160
tr| AOABBGHLI4 | AOABBGHLI4_MYTGA AOABBGHLI4 Vitellogenin domain-containing protein 8 PO161
tr| AOABB6BIBO | AOABBEBIBO_MYTGA AOABB6BISO AP-1 complex subunit gamma 7 PO162
tr| AOA8B6BMG3 | AOA8B6BMG3_MYTGA AOA8BEBMG3 Prolyl endopeptidase 7 P0163
tr| AOABB6BSM2 | AOABBEBSM2_MYTGA AOABB6BSM2 Dynein heavy chain 1, cytosolic 7 P0164
tr| AOABB6BSR2 | AOASBEBSR2_MYTGA AOABB6BSR2 Coatomer subunit gamma 7 PO165
tr| AOA8B6BVEQ | AOASBEBVED_MYTGA AOA8B6BVED Hydroxysteroid dehydrogenase-like protein 2 7 P0166
tr] AOABBEBWHO | AOABBEBWHI_MYTGA AOABBEBWHI Fructose-bisphosphate aldolase 7 P0167
tr| AOABB6BZS0 | AOABBEBZSO_MYTGA AOABB6BZS0 Ubiquitin carboxyl-terminal hydrolase 9/24 7 P0168
tr| AOABB6C1U6 | AOASBEC1UG_MYTGA AOABB6C1UG Proteasome subunit beta 7 P0169
tr| AOABB6C2Y2 | ADASBEC2Y2_MYTGA AOABB6C2Y2 Malate dehydrogenase 7 P0170
tr| ADA8B6C672 | AOA8B6C6Z2_MYTGA AOA8B6C6Z2 Peptidyl-prolyl cis-transisomerase 7 P0171
tr| AOABB6C8GS | ADASBECBGE_MYTGA AOABB6C8GS Ribosomal protein S6 kinase 7 P0172
tr| AOABB6CAA4 | AOABBECA44_MYTGA AOABB6CA44 Aspartate-tRNAligase, cytoplasmic 7 P0173
tr| ADA8B6CCQ1 | ADA8B6CCQL_MYTGA AOA8B6CCQL GDP-L-fucose synthase 7 P0174
tr| AOABB6CGC3 | ADASBECGC3_MYTGA AOABB6CGC3 Uncharacterized protein 7 PO175
tr| AOABB6CV11|AOABBCV11_MYTGA AOABB6CV1L Flotillin 7 P0176
tr| AOA8B6D3Z8 | AOA8B6D3Z8_MYTGA ADA8B6D3Z8 Obscurin-RhoGEF 7 P0177
tr| AOABB6D685 | ADASBEDESS_MYTGA AOABB6D685 Dihydroli ine-resid cinyltransferase 7 P0178
tr| AOASB6DS 16 | ADASBEDS16_MYTGA AOABBED816 265 proteasome regulatory subunit 7 7 P0179
tr| AOABB6DCE2 | AOABBEDCE2_MYTGA AOABBEDCE2 40S ribosomal protein $3 7 0180
tr| AOABBEDR79 | ADASBEDR79_MYTGA AOABBEDR79 glutamate dehydrogenase [NAD(P)(+)] 7 P0181
tr| AOASB6DSL8 |AOA8B6DSLE_MYTGA AOA8BEDSLS Adenosylhomocysteinase 7 P0182
tr| AOABB6DZH2 | AOASBEDZH2_MYTGA AOABBEDZH2 Dolichyl-di i ide-protei 7 P0183
tr| AOABB6EC26 | AOASBEEC26_MYTGA AOABBGEC26 Septin 7 7 P0184
tr| ADASB6ECQS | AOA8BEECQS_MYTGA AOA8BGECQS Uncharacterized protein 7 P0185
tr| AOABB6E)43 | AOABB6EI43_MYTGA AOABB6E43 Serine/threonine-protein phosphatase 7 P0186
tr| AOABBGEKCO | AOASBEEKCO_MYTGA AOABBGEKCO small ribosomal subunit protein us2 7 P0187
tr| AOABB6F1X3 | AOABB6F1X3_MYTGA AOA8BEF1X3 Kelch-like protein 2/3 7 P0188
tr| AOABB6FBAS | AOASBEFSAS_MYTGA AOABB6FBAS ATP synthase subunit O, mitochondrial 7 P0189
tr| AOASB6FAS5 | AOABB6FAS5_MYTGA AOA8BBFASS 2, depend 7 P0190
tr| AOABB6FDB3 | AOABB6FDB3_MYTGA AOASB6FDB3 Ribonucleoside-diphosphate reductase 7 0191
tr| AOABB6FGS3 | AOABBEFGS3_MYTGA AOABBEFGS3 Ropporin-1-like protein 7 P0192
tr| AOASB6FRK3 | AOA8B6FRK3_MYTGA AOA8BBFRK3 Exportin-2 7 P0193
tr| AOABBGFWX7 | AOABBEFWX7_MYTGA AOABBEFWX7 Electron transfer flavoprotein subunit beta 7 0194
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tr| AOABB6GOF4 | AOABB6GOFA_MYTGA AOABB6GOF4 phenylalanine 4-monooxygenase 7 P0195
tr| AOA8B6GOV7 | AOASB6GOV7_MYTGA AOASB6GOV7 C-type lectin domain-containing protein 7 P0196
tr| AOABB6GCQS | AOABBEGCQS_MYTGA AOABB6GCQS Dolichyl-di i ide-protein gl 7 P0197
tr| AOA8B6GKKS | AOABBEGKKS_MYTGA AOA8BEGKKS 14-3-3 protein epsilon 7 P0198
tr| AOABB6GLQS | ADABBEGLQS_MYTGA AOABB6GLQS Aspartate aminotransferase, cytoplasmic 7 0199
tr] AOABBEGMH2 | AOABBEGMH2_MYTGA AOABBEGMH2 Ornithineaminotransferase 7 P0200
tr| ADABB6GVA7 | ADABBEGVA7_MYTGA AOA8BEGVA7 ADP/ATP translocase 7 P0201
tr| AOABB6GYIO | AOABBEGYI9_MYTGA AOABB6GYI9 Dyp-type peroxidase C-terminal domain-containing protein 7 0202
tr| AOABBEHNM? | AOABBEHNM?7_MYTGA AOABBEHNM7 S-(Hy i y /alcohol dehy 7 P0203
tr| AOASB6HP92 | AOASBEHP92_MYTGA AOASBEHP92 Uncharacterized protein (Fragment) 7 P0204
tr| AOABBGHPY9 | AOABBEHPY9_MYTGA AOABBEHPY9 265 proteasome non-ATPase regulatory subunit 2 7 P0205
tr| AOABBEHSL7 | AOASBEHSL7_MYTGA AOABBEHSL7 Dynein light intermediate chain, axonemal 7 P0206
tr|B6ZCB2 |B6ZCB2_MYTGA B62CB2 605 acidic ribosomal protein PO 7 0207
tr|EOD7H4|EOD7H4_MYTGA EOD7H4 RNAhelicase 7 0208
tr|ADA3L5TU74 |AOA3L5TU74_MYTGA AOA3L5TU74 Nucleolar protein 56 (Fragment) 6 P0209
tr| AOABB6BES4 | AOASBEBESA_MYTGA AOABBGBES4 Rila domain-containing protein 6 0210
tr| AOABB6BH70 | ADASBEBH70_MYTGA AOABBEBH70 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, 1 6 P0211
tr| AOASB6BJWS | ADASBEBIWS_MYTGA AOA8BEBIWS Prohibitin 6 P0212
tr| AOABB6BMO1 | AOABBEBMO1_MYTGA AOABB6BMO1 CH-like domain-containing protein (Fragment) 6 P0213
tr| AOABBEBMF4 | AOASBEBMF4_MYTGA AOABBEBMF4 Long-chain-fatty-acid-CoAligase 6 P0214
tr| AOA8B6BMX1|ADA8B6BMX1_MYTGA AOA8BEBMX1 Proteasome subunit beta 6 P0215
tr| AOABBEBNPS | ADOASBEBNPE_MYTGA AOABBEBNPS Thioredoxin-like protein 1 6 P0216
tr| AOA8B6BWZ3 | AOABB6BWZ3_MYTGA AOA8BEBWZ3 Histone H4 6 P0217
tr| AOABB6CAPGE | AOABB6CAPE_MYTGA AOABB6CAPE Lethal(2) giant larvae protein 6 P0218
tr| AOABB6CEC6 | AOABBECECE_MYTGA AOABB6CEC6 UDP-glucose:glycoprotein glucosyltransferase 6 P0219
tr| AOA8B6CGB4 | AOA8B6CGBA_MYTGA AOA8B6CGBA Large ribosomal subunit protein uL1 6 P0220
tr| AOABB6CI49 | AOABB6CI49_MYTGA AOABB6CI49 116 kDa US small nuclear ribonucleoprotein component 6 0221
tr| AOABB6CP36 | AOABBECP36_MYTGA AOABB6CP36 CTP synthase 6 P0222
tr| ADASB6CT69 | AOA8B6CT69_MYTGA AOA8B6CTE9 Importin-7 6 P0223
tr| AOABB6CTY3 | AOABBECTY3_MYTGA AOABB6CTY3 Atlastin 6 0224
tr| AOABB6CVLE | AOASBECVLE_MYTGA AOABB6CVLE US small nuclear ribonucleoprotein 200 kDa helicase 6 P0225
tr| AOA8B6CY60 | AOASBECY60_MYTGA ADA8B6CY60 Tektin 6 P0226
tr| AOABBEDOGS | AOABBEDOGS_MYTGA AOABB6D0GS Ribosome-binding protein 1 6 P0227
tr| AOASB6DOLS | AOABBEDOLS_MYTGA AOASB6DOLS Gelsolin 6 P0228
tr| AOABB6D2D4 | AOABB6D2D4_MYTGA AOA8B6D2D4 Adenylyl cyclase-associated protein 6 0229
tr| AOABBED2EO | AOABBED2EO_MYTGA AOABBED2EO Dynein heavy chain, axonemal 6 P0230
tr| AOASB6DAL3 |AOA8B6DAL3_MYTGA AOA8B6ED4L3 Eukaryotic translation initiation factor 3 subunit C 6 P0231
tr| AOABBEDSA7 | ADASBEDSA7_MYTGA AOABBEDSA7 succi ydrog: i in subunit 6 P0232
tr| AOABBED6E2 | AOABBED6E2_MYTGA AOABBEDEE2 Palmitoyl-protein thioesterase 1 6 P0233
tr|AOA8B6D723 | AOA8B6D723_MYTGA AOA8B6D723 Moesin/ezrin/radixin homolog 1 (Fragment) 6 P0234
tr| AOABB6DBES | AOASBEDB65_MYTGA AOABBED86S EH domain-containing protein 1 6 P0235
tr| AOA8B6DBA4 | AOA8B6EDBA4_MYTGA AOA8BEDBA4 26S proteasome regulatory subunit 8 6 P0236
tr| AOABB6DDL3 | AOASBEDDL3_MYTGA AOASB6DDL3 ubiquitinyl hydrolase 1 6 0237
tr| AOABBEDES3 | AOASBEDES3_MYTGA AOABBEDES3 Calponin-homology (CH) domain-containing protein 6 P0238
tr| AOABBEDGQE | AOABBEDGQE_MYTGA AOA8BEDGQS Thymosin beta 6 P0239
tr| AOABB6DIMS | AOABBEDIMI_MYTGA AOA8B6DIMI AFG3 family protein 6 P0240
tr| AOABBEDLS 3 | AOABBEDLS3_MYTGA AOABBEDLS3 VWFD domain-containing protein 6 P0241
tr|AOA8B6DP55 | AOA8BEDP55_MYTGA AOA8B6DPSS DnaJ homolog subfamily B member 11 6 P0242
tr| AOABBEDRA0 | ADASBEDRAO_MYTGA AOABBEDR40 EF-hand domain-containing protein 1 6 P0243
tr| AOABBEDRVS | AOASBEDRVS_MYTGA AOABBEDRVS Dihydrolipoyl dehydrogenase 6 P0244
tr| AOA8B6DRW 1| ADASB6DRW1_MYTGA AOASB6DRW1 Nidogen (Entactin) (Fragment) 6 P0245
tr| AOABB6DZJO | AOABBEDZIO_MYTGA AOABBEDZIO Cilia-and flagella-associated protein 43 6 P0246
tr| AOASB6E034 | AOA8B6E034_MYTGA AOA8B6E034 Malic enzyme 6 P0247
tr| AOABB6E2Z9 | AOABB6E2Z9_MYTGA AOABB6E279 Glucosidase I subunit alpha 6 0248
tr| AOABBGEBF2 | AOABBGEBF2_MYTGA AOABBGEBF2 phenylalanine-tRNA ligase 6 P0249
tr| AOASB6EE40 | AOASB6EEA0_MYTGA AOA8BGEE40D Uncharacterized protein 6 P0250
tr| AOABBGEGIO | AOAB6EGIO_MYTGA AOABBGEGIO Actin-related protein 2 6 P0251
tr| AOABBGEKSS | AOASBEEKSS_MYTGA AOABBGEKSS Fascin 6 P0252
tr| AOASB6ERX1|AOA8B6ERX1_MYTGA AOA8BBERX1 Cathepsin L 6 P0253
tr| AOABB6EXQI | AOABBEEXQ9_MYTGA AOABBGEXQ9 Uncharacterized protein 6 P0254
tr| AOABBGEYIG | AOABBGEYI6_MYTGA AOABBGEYI6 Eukaryotic translation initiation factor 3 subunit A 6 P0255
tr| AOABB6F3H4 | AOASB6F3HA_MYTGA AOASB6F3H4 Uncharacterized protein 6 P0256
tr| AOABB6FET7 | AOABBEF6T7_MYTGA AOABBEFET7 FAS1 domain-containing protein 6 P0257
tr| ADA8B6F6Z5 | AOABBEF6Z5_MYTGA AOA8BEF6Z5 RNA helicase 6 P0258
tr| AOABB6FAG6 | AOASBEFA66_MYTGA AOABBGFA66 Peroxiredoxin 6, 1-Cys peroxiredoxin 6 P0259
tr| AOABB6FBK7 | AOASBEFBK7_MYTGA AOABB6FBK7 Obg-like ATPase 1 (Fragment) 6 P0260
tr| AOASB6FC22 |AOA8B6FC22_MYTGA AOA8BBFC22 Microtubule-associated protein 1 6 P0261
tr| AOABB6FHRS | AOABB6FHRS_MYTGA AOABBGFHRS Short-chain specific acyl-CoA dehydrogenase, mitochondrial 6 P0262
tr| AOABB6FQDS | AOASBEFQDS_MYTGA AOABB6FQDS 265 proteasome regulatory subunit N2 (Fragment) 6 P0263
tr| AOASB6FWAS | ADASB6FWAS_MYTGA ADA8B6FWAS glutamine—tRNA ligase 6 P0264
tr| AOABB6FY98 | AOABBEFY98_MYTGA AOABB6FY98 DNA topoisomerase 2 6 P0265
tr| AOABB6FZ76 | AOABB6FZ76_MYTGA AOA8BEFZ76 €2 domain-containing protein (Fragment) 6 P0266
tr| AOABB6GOTL | AOABB6GOTL_MYTGA AOABB6GOTL Serine/threonine-protein kinase 31 6 P0267
tr| AOABB6GEQS | AOASBEGEQB_MYTGA AOABB6GEQS Eukaryotic translation initiation factor 3 subunit B 6 P0268
tr| ADASB6GIB3 | ADA8B6GIB3_MYTGA AOA8B6GIB3 Myosin heavy chain 6/7 (Fragment) 6 P0269
tr| AOABB6GIU1 | ADASBEGIUL_MYTGA AOABB6GIUL NIMA (Never in mitosis gene a)-related kinase 6 0270
tr| AOABBEGKDS | AOABBEGKDS_MYTGA AOABB6GKDS Serine hydroxymethyltransferase 6 P0271
tr| AOA8B6GPN2 | ADASB6GPN2_MYTGA AOA8BEGPN2 Tektin 6 P0272
tr] AOABB6GQKS | AOABBEGQKS_MYTGA AOABB6GQKS thioredoxin-dependent peroxiredoxin 6 P0273
tr| AOABB6GSE3 | ADASBEGSE3_MYTGA AOABB6GSE3 DNA replication licensing factor MCM5 6 P0274
tr| AOABB6GU32 | AOABBEGU32_MYTGA AOABB6GU32 ATP synthase subunit gamma 6 P0275
tr| AOABB6GY74 | AOABBEGY74_MYTGA AOABB6GY74 Cilia-and flagella-associated protein 57 6 P0276
tr| AOASBGH328 | AOASBEH328_MYTGA AOABBGH328 Glucose-6-phosphate isomerase 6 P0277
tr| AOABBEHEKS | AOASBEHEKS_MYTGA AOABBGHGEKS Small ribosomal subunit protein us4 6 0278
tr| AOABBEHBA9 | ADASBEHBAI_MYTGA AOABBEHBA9 Fumarylacetoacetase 6 P0279
tr| AOASB6HDO3 | AOASB6HDO3_MYTGA AOA8BEHDO3 non-specific serine/threonine protein kinase 6 P0280
tr| AOABB6HF71| AOABBEHF71_MYTGA AOABBGHF71 Multifunctional fusion protein 6 P0281
tr| AOABBGHL62 | AOABBEHL62_MYTGA AOABBEHL62 Small subunit ribosomal protein S19e 6 P0282
tr| AOA8B6HMLO | ADA8B6EHMLO_MYTGA AOA8BEHMLO VWFD domain-containing protein 6 P0283
tr| AOABB6HQB3 | AOABBEHQB3_MYTGA AOABB6HQB3 alpha-L-fucosidase 6 P0284
tr|G9G141|G9G141_MYTGA G9G141 TCTP 6 P0285
tr| AOAOKOYB29 | AOAOKOYB29_MYTGA AOAOKOYB29 LKD-rich protein-1 5 P0286
tr| AOABBEBFVS | AOASBEBFVB_MYTGA AOABBEBFVS Ferritin 5 P0287
tr| ADA8B6BIHS | AOA8B6BIHS_MYTGA AOA8BEBIHS Peptidyl-prolyl cis-transisomerase 5 P0288
tr| AOABB6BRQ2 | AOASBEBRO2_MYTGA AOASB6BRQ2 Beta-ureidopropionase 5 P0289
tr| AOABBEBRW?7 | ADASBEBRW7_MYTGA AOABBEBRW7 Link domain-containing protein 5 P0290
tr| AOA8B6BS10|AOA8B6BS10_MYTGA AOA8B6BS10 40S ribosomal protein S7 5 P0291
tr| AOABB6BSBS | AOASBEBSBS_MYTGA AOABB6BSBS Neutral ceramidase 5 P0292
tr| AOABBEBTFS | AOABBEBTF8_MYTGA AOABBEBTF8 long-chain-fatty-acid-CoAligase 5 P0293
tr| AOABB6C2GO | ADABBEC2GO_MYTGA AOABB6C2GO V-type H+transporting ATPase subunit £ 5 0294
tr| AOABB6C2P8 | AOABB6C2P8_MYTGA AOABB6C2P8 Myosin | 5 P0295
tr| AOABB6C827 | AOA8B6C827_MYTGA AOA8B6C827 60S ribosomal protein L13 5 P0296
tr| AOABB6CCA7 | AOABB6CCA7_MYTGA AOABB6CCAT glutathione transferase 5 0297
tr| AOABBECDFO | AOABBECDFO_MYTGA AOABBECDFO Nucleolin 5 P0298
tr| ADA8B6CHVI | AOASB6CHVI_MYTGA AOA8B6CHV9 Aldehyde dehydrogenase (NAD+) 5 P0299
tr| AOABB6CKQ4 | ADASBECKQA_MYTGA AOABB6CKQ4 Nucleophosmin 1 5 0300
tr] AOABB6CKUO | AOASBECKUO_MYTGA AOABBECKUO Proteasome subunit beta 5 P0301
tr| AOA8B6CMK8 | AOABBECMK8_MYTGA AOA8BECMKS DNA replication licensing factor MCM6 5 P0302
tr| AOABB6CPA4 | AOABBECPAd_MYTGA AOABB6CPA4 Bifunctional purine biosynthesis protein ATIC 5 P0303
tr| AOABB6CTA1 | ADASBECTA1_MYTGA AOABB6CTAL calcium/calmodulin-dependent protein kinase 5 P0304
tr| AOABB6CT47 | AOABB6CTA7_MYTGA AOA8B6CT47 Dynamin 1-like protein 5 P0305
tr] AOABB6CXQ | ADASBECXQL_MYTGA AOABB6CXQL Uncharacterized protein 5 P0306
tr| AOA8B6CYZ6 | AOABB6CYZ6_MYTGA AOA8B6CYZ6 265 proteasome non-ATPase regulatory subunit 8 (Fragment. 5 P0307
tr| AOABB6D116| AOABBED116_MYTGA AOABB6D116 Microtubule-associated protein, RP/EB family 5 0308
tr| AOABB6DATI | AOABBEDATI_MYTGA AOABBEDATY Uncharacterized protein 5 P0309
tr| AOA8B6D5A0 | AOABBEDSA0_MYTGA AOA8B6EDSA0 Large ribosomal subunit protein uL6 5 P0310
tr| AOABB6D622 | ADASBED622_MYTGA AOABB6D622 Large subunit ribosomal protein L3e 5 P0311
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tr| AOASBED6Q1 | AOASBEDEQ1L_MYTGA A0A8B6D6QL Hemicentin (Fragment) 5 P0312
tr| AOASBGD7AS | AOASBED7AS_MYTGA AOASBED7AS cet of pyr 5 P0313
tr| AOASBEDIHS | AOABBEDIHE_MYTGA AOA8BEDIHS W2 domain-containing protein 5 P0314
tr| AOASBGDEG7 | AOASBEDEG7_MYTGA AOASBEDEG7 Sorting nexin-1/2 5 P0315
tr| AOASB6DFV3 | ADABBEDFV3_MYTGA AOASBEDFV3 Peptidase M24 domain-containing protein 5 P0316
tr| AOASBEDNA9 | AOASBEDNAI_MYTGA AOA8BEDNAY Cilia-and flagella-associated protein 58 central coiled coil d¢ 5 P0317
tr| AOASBEDP9I | AOASBEDPII_MYTGA AOASBEDPI9 Fucolectin -4 p 1d prc 5 P0318
tr| AOASBEDUVE | ADASBEDUVE_MYTGA AOA8BEDUVG Betaine-homocysteine S-methyltransferase 5 P0319
tr| AOASBEDVCI | AOASBEDVCI_MYTGA AOA8BEDVCY Succinate-CoA ligase [ADP-forming] subunit beta, mitochon 5 P0320
tr| AOASBGDXBS | AOASBEDXBS_MYTGA AOASBEDXBS Coiled-coil domain-containing protein 39 5 P0321
tr| AOASBEDXES | AOABBEDXES_MYTGA AOABBEDXES serine~tRNA ligase 5 P0322
tr| AOABB6DZP 1| AOABBEDZP1_MYTGA AOABBEDZP1 Thioredoxin domain-containing protein 5 P0323
tr| AOASBGE248| AOASBEE248_MYTGA AOA8BEE248 Coatomer subunit delta 5 P0324
tr| AOASBGE2U4 | ADABBEE2U4_MYTGA AOASBEE2U4 Eukaryotic translation initiation factor 3 subunit 5 P0325
tr| AOASBGE3P4 | ADASBEE3P4_MYTGA AOASBEE3P4 Cyclin-dependent kinase 1 5 P0326
tr| AOASBGEG)3 | ADABB6EGI3_MYTGA AOASB6EG)3 Uncharacterized protein 5 P0327
tr| AOASBGE7AG | AOASBEE7A6_MYTGA AOASBEE7AG Heparan sulfate proteoglycan 2 (Perlecan) 5 P0328
tr| AOASB6EIQ4 | ADABBEEIQA_MYTGA AOASB6E9Q4 Large subunit ribosomal protein L7e 5 P0329
tr| AOASBGEEGS | AOABBGEE6S_MYTGA AOABBGEEGS Ig-like domain-containing protein 5 P0330
tr| AOASBGEFOS | AOABBEEFO5_MYTGA AOABBGEF9S Twitchin 5 P0331
tr| AOASBGEIOO | ADABBGEIOO_MYTGA AOASBGEI0O0 Small subunit ribosomal protein S14e 5 P0332
tr| AOASBGEJES | AOABBEEIES_MYTGA AOASBGEIES Kinesin-like protein 5 P0333
tr| AOASBGEPD3 | AOABBEEPD3_MYTGA AOASBGEPD3 Serine/threonine-protein phosphatase 5 P0334
tr| AOASB6EQ31|ADABB6EQ31_MYTGA AOASBEEQ31 Proteasome subunit alpha type 5 P0335
tr| AOASBGERG3 | AOABBEER63_MYTGA AOABBGER63 Hydrocephalus-inducing protein 5 P0336
tr| AOASBGEUA46 | AOABBEEUAE_MYTGA AOASBEEU46 Sperm-associated antigen 17 5 P0337
tr| AOASBGEXG2 | ADABBEEXG2_MYTGA AOASBEEXG2 Acetyl-CoAhydrolase 5 P0338
tr| AOASB6F320 | AOABB6F3Z0_MYTGA AOA8BEF3Z0 605 ribosomal protein L18a 5 P0339
tr| AOASBGFAFS | AOABBEF4F8_MYTGA AOABBEFAFS Glucose-6-phosphate 1-dehydrogenase 5 P0340
tr| AOASBGF7B4| AOABBEF7B4_MYTGA AOASBEF7B4 Tropomyosin 5 P0341
tr| AOASBGFAIS | AOASBEFAJS_MYTGA AOABBEFAIS Uncharacterized protein 5 P0342
tr| AOASBGFDZ1| AOASBEFDZ1_MYTGA AOA8BEFDZ1 EF-hand domain-containing protein 5 P0343
tr| AOASBGFGX6 | ADABBEFGX6_MYTGA AOABBEFGX6 Arginyl-tRNA synthetase 5 P0344
tr| ADASBGFI72| ADABBEFI72_MYTGA AOABBEFI72 Uncharacterized protein (Fragment) 5 P0345
tr| AOASBGFND3 | AOASB6FND3_MYTGA AOASBEFND3 T-complex protein 1 subunit delta 5 P0346
tr| AOASB6FQN1 | AOASBEFON1_MYTGA AOASBEFQN1 Eukaryotic translation initiation factor 3 subunit L 5 P0347
tr| AOASBGFRCE | ADABBEFRCE_MYTGA AOABBEFRCE Ciliary microtubuleinner protein 2A-C-like domain-containi 5 P0348
tr| AOASBGFTEO | AOABB6FTEO_MYTGA AOABBEFTEQ DNAreplication licensing factor MCM4 5 P0349
tr| AOABBEFTKA | AOABBEFTKA_MYTGA AOABBGFTKA CYRIA/CYRIB Rac1 binding domain-containing protein 5 P0350
tr| AOASBGFTKG | AOABBEFTKE_MYTGA AOABBEFTKE Cytochrome b-c1 complex subunit 7 5 P0351
tr| AOASB6G1F5 |ADABB6G1FS_MYTGA AOA8BEGLFS HECT-type E3 ubiquitin transferase 5 P0352
tr| AOABB6GAGS | ADABBEGAGS_MYTGA AOABB6GAGS Pyruvate carboxylase 5 P0353
tr| AOASB6G660 | AOASB6G660_MYTGA A0A8B6G660 Lupus La protein 5 P0354
tr| AOASB6G6AS | AOASBEG6AS_MYTGA AOASBEGEAS Nuclear pore complex protein Nup205 5 P0355
tr| AOABB6GC26 | AOASB6GC26_MYTGA AOABB6GC26 Prefoldin subunit 3 5 P0356
tr| AOASB6GLWO | AOASB6GLWO_MYTGA AOASBEGLWO Radial spoke head protein 9 homolog 5 P0357
tr| AOASBEGP6S | AOABBEGP6S5_MYTGA AOASBEGPES Vacuolar protein sorting-associated protein 13A/C 5 P0358
tr| AOASB6GPV1 | ADASB6GPV1_MYTGA AOASBEGPV1L (alpha-D-gl 1,6-bi d 5 P0359
tr| AOASB6GYAO | ADABBEGYAO_MYTGA AOASBEGYAQ CD109 antigen 5 P0360
tr| AOABB6GZF7 | AOASBEGZF7_MYTGA AOABB6GZF7 Programmed cell death protein 4 5 P0361
tr| AOASBGH257 | ADABBEH2S7_MYTGA AOA8BEH2S7 Uncharacterized protein 5 P0362
tr| AOASBEH4W?7 | ADASBEHAW7_MYTGA AOASBEHAW? ide N- ansferase 5 P0363
tr| AOABBEHSED | AOABBEHSEO_MYTGA AOABBEHSEO Eukaryotic peptide chain release factor subunit 1 5 P0364
tr| AOASBGHGRS | AOASBEHERS_MYTGA AOASBEHGERS 265 proteasome regulatory subunit N5 5 P0365
tr| AOASBEH7AS | AOASBEH7AS_MYTGA AOASBEH7AS DUF4476 domain-containing protein 5 P0366
tr| AOASBGH7E1 | ADABBEH7EL_MYTGA AOASBEHT7EL Poly [ADP-ribose] polymerase 5 P0367
tr| AOASBGHITS | ADABBEHITS_MYTGA AOA8BEHITS alpha-Lfucosidase 5 P0368
tr| AOASBEHBZ6 | ADABBEHBZ6_MYTGA AOASBEHBZ6 leucine~tRNA ligase 5 P0369
tr| AOASB6HHG6 | AOABBEHHGE_MYTGA AOA8BEHHGE Gelsolin 5 P0370
tr| AOASBEH)ID2 | ADABBEHID2_MYTGA AOA8BEHID2 small monomeric GTPase 5 P0371
tr| AOABBGHL24 | AOABBEHL24_MYTGA AOABBEHL24 ODAD1 central coiled coil region domain-containing proteir 5 P0372
tr| AOASBEHMAG | AOASBEHMAG_MYTGA AOASBEHMAG Dynein intermediate chain 2, axonemal 5 P0373
tr| AOASBEHP91 | AOASBEHPI1_MYTGA AOASBEHPI1 3-hydroxyacyl-CoA dehydrogenase / 3a,7a,12a-trihydroxy-5| 5 P0374
tr| AOASBGHPY4 | ADABBEHPYA_MYTGA AOASBEHPY4 Small ribosomal subunit protein uS5 5 P0375
tr| AOASBGHRSS | AOASBGHR88_MYTGA AOASBEHRSS Tektin 5 P0376
tr| AOASBEHUT7 | AOASBEHUT7_MYTGA AOASBEHUT7 Proteasome subunit alpha type 5 P0377
tr|Q35892|Q35892_MYTGA Q35892 Malate dehydrogenase 5 P0378
tr| AOASBGBEW3 | AOABBEBEW3_MYTGA AOASBEBEW3 Proteasome subunit beta 4 P0379
tr| AOASBGBF89| AOASBEBF89_MYTGA AOASBEBF89 4-hydroxyphenylpyruvate dioxygenase 4 P0380
tr| AOASB6BFI3 | AOASBGBFI3_MYTGA AOASBEBFI3 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochol ) P0381
tr| AOASBGBLO3 | AOABBEBLO3_MYTGA AOA8BEBLO3 Ubiquinol-cytochrome ¢ reductase core subunit 2 4 P0382
tr| AOASB6BLQS | AOABBEBLQS_MYTGA AOABBEBLQS Splicing factor 38 subunit 1 domain-containing protein 4 P0383
tr| AOASB6BLZ7 | AOABB6BLZ7_MYTGA A0A8BEBLZ7 DNA mismatch repair protein MSH2 4 P0384
tr| AOASBEBIVR3 | AOABBEBMR3_MYTGA AOASBEBMR3 RNA helicase (Fragment) 4 P0385
tr| AOASB6BSD4 | ADABBEBSDA_MYTGA AOA8BEBSD4 Counting factor associated protein D ) P0386
tr| AOASBGBT38| AOASBEBT38_MYTGA AOASBEBT38 Thioredoxin domain-containing protein 5 4 P0387
tr| AOASBEBTY3 | AOABBEBTY3_MYTGA AOASBEBTY3 Triosephosphate isomerase 4 P0388
tr| AOASB6BUM1 | AOASB6BUM1_MYTGA AOASBEBUML Large ribosomal subunit protein eL30 ) P0389
tr| AOASB6BVS4|ADABBEBVS4_MYTGA AOASBEBVS4 Calpain, invertebrate 4 P0390
tr| AOABBEBVLS | AOASBEBVLS_MYTGA AOABBEBVLS Centrosomal protein CEP41 4 P0391
tr| AOASB6BWAI | ADASB6BWAI_MYTGA AOASBEBWA9 Very long-chain specific acyl-CoA dehydrogenase, mitochon ) P0392
tr| AOASB6BZ12| AOABBEBZ12_MYTGA AOA8BEBZ12 Reverse transcriptase domain-containing protein 4 P0393
tr| AOABB6C04S | AOABB6CO45_MYTGA AOABB6C045 Chlorideintracellular channel protein ) P0394
tr| AOASB6C1F4| ADABBEC1F4_MYTGA AOASBEC1F4 WSC domain-containing protein 4 P0395
tr| AOASBEC2P9 | ADABBEC2PI_MYTGA AOA8BEC2P9 Enolase 4 P0396
tr| AOASB6C33 | AOABB6C313_MYTGA AOA8B6C3J3 Uncharacterized protein ) P0397
tr| AOASB6CA423 | ADABB6C423_MYTGA AOA8B6C423 EF-hand domain-containing protein 4 P0398
tr| AOASBEC6F3 | AOASBEC6F3_MYTGA AOABBECEF3 Nucleoside-diphosphate kinase 4 P0399
tr| AOASB6C964|ADABB6CIEA_MYTGA AOA8B6C964 domain- ) P0400
tr| AOASB6CC28 | ADABB6CC28_MYTGA AOA8B6CC28 Annexin 4 P0401
tr| AOABB6CCDS | AOASBECCDS_MYTGA AOABB6CCDS 14-3-3 protein epsilon 4 P0402
tr| AOASB6CDOS | AOASB6CDOS_MYTGA AOASB6CDOS Uncharacterized protein 4 P0403
tr| AOASBECDEG | AOABBECDES_MYTGA AOA8BECDES tryptophan-tRNA ligase 4 P0404
tr| AOASB6CESO | AOABBECESO_MYTGA AOABBECESD Small subunit ribosomal protein S5e ) P0405
tr| AOASB6CG35 | AOASB6CG35_MYTGA AOA8B6CG35 Uncharacterized protein 4 P0406
tr| AOABB6CGA4 | ADASBECGA4_MYTGA AOABB6CGA4 Alpha-galactosidase 4 P0407
tr| AOASB6CHN3 | ADABBECHN3_MYTGA AOA8BECHN3 C-typelectin domain-containing protein ) P0408
tr| AOASBECNF8 | ADABBECNF8_MYTGA AOASBECNF8 FACT complex subunit 4 P0409
tr| AOASB6CQB6 | AOASBECQBE_MYTGA AOABB6CQ86 Tyrosine-tRNAligase 4 P0410
tr| AOASB6CSIS | ADASBECSIS_MYTGA AOABBECSIS Small subunit ribosomal protein S17e 4 P0411
tr| AOASB6CT20| AOABBECT20_MYTGA AOA8BECT20 Adenylate kinase 4 P0412
tr| AOASB6CTEL | AOABBECTEL_MYTGA AOABBECTEL Arp2/3 complex 34 kDa subunit ) P0413
tr| AOASB6CVU1 | ADASBECVUL_MYTGA AOASBECVUL Cofilin 4 P0414
tr| AOASBEDOR4 | AOASBEDORA_MYTGA AOASBEDOR4 deoxyribose-phosphate aldolase 4 P0415
tr| AOASB6D1DS5 | ADABBED1D5_MYTGA AOA8B6D1DS Saposin ) P0416
tr| AOASB6D2Y8 | ADABB6D2YS_MYTGA AOASBED2YS Sulfur dioxygenase 4 P0417
tr| AOASBEDSKS | AOABBEDKS_MYTGA AOA8BEDSKS cAMP-dependent protein kinase regulator 4 P0418
tr| AOASB6DILI |ADABBEDILI_MYTGA AOA8BEDILY glycine hydroxymethyltransferase ) P0419
tr| AOASBEDAP3 | AOASBEDAP3_MYTGA AOASBEDAP3 Mesencephalic astrocyte-derived neurotrophic factor homo 4 P0420
tr| AOASBGDBB7 | AOASBEDBB7_MYTGA AOABBEDBB7 Nucleoside-diphosphate kinase 4 P0421
tr| AOASB6DCF7 | ADABB6DCF7_MYTGA AOASBEDCF7 Protein DEK 4 P0422
tr| AOASBEDDU4 | AOABBEDDUA_MYTGA AOASBEDDU4 Phosphori inoimi arboxylase / phosphoribos 4 P0423
tr| AOASB6DGK2 | AOABBEDGK2_MYTGA A0A8BEDGK2 Uncharacterized protein ) P0424
tr| AOASBEDHD? | AOABBEDHD7_MYTGA AOASBEDHD7 H15 domain-containing protein 4 P0425
tr| AOASBEDHE3 | AOASBEDHE3_MYTGA AOASBEDHE3 Cathepsin B 4 P0426
tr| AOASBEDHIO | ADABBEDHIO_MYTGA AOABBEDHIO Histone-binding protein RBBP4 ) P0427
tr| AOASB6DID2 |ADABB6DID2_MYTGA AOA8BEDID2 Carnitine O-acetyltransferase 4 P0428
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tr| AOABBEDKTS | AOABBEDKTS_MYTGA AOABBEDKTS Tubulin beta chain 4 P0429
tr| AOABBEDKX6 | AOABBEDKX6_MYTGA AOABBEDKX6 3,24 yl-CoAisomerase, 4 P0430
tr| AOABB6DQ79 | AOABBEDQ79_MYTGA A0ABB6DQ79 Uncharacterized protein 4 P0431
tr| AOA8B6DTR6 | AOABBEDTRE_MYTGA AOA8BEDTRG Glycogen debranching enzyme ) P0432
tr| AOABBEDVUO | AOABBEDVUO_MYTGA AOA8BEDVUO Proteasome activator subunit 3 (PA28 gamma) 4 P0433
tr| AOABBEDW19 | AOABBEDW19_MYTGA AOABBEDW19 i gena 4 P0434
tr| AOABBEDWS7 | AOASBEDWS7_MYTGA AOABBEDWS7 ATP-citrate synthase 4 P0435
tr| AOABBEDXW2 | AOABBEDXW2_MYTGA AOASBEDXW2 Gastric intrinsic factor 4 P0436
tr| AOABB6DYZ2 | AOASBEDYZ2_MYTGA AOABBEDYZ2 Proliferating cell nuclear antigen 4 P0437
tr| AOABB6ELB2 | AOASBEE1B2_MYTGA AOABBGE1B2 Probable aminopeptidase NPEPLL 4 P0438
tr| AOABB6E1R3 | AOASBEE1R3_MYTGA AOABBGE1R3 Uncharacterized protein 4 P0439
tr| AOABB6E2C3 | ADASBEE2C3_MYTGA AOABB6E2C3 Dynein heavy chain, axonemal 4 P0440
tr| AOABB6E375 | AOASBEE375_MYTGA AOABBGE375 I glyoxy inase/ (R)-3-amino-2 4 P0441
tr| AOABBGE3PS | AOASBEE3PS_MYTGA AOABBGE3PS Metalloendopeptidase 4 P0442
tr| AOASBGESV1| ADABBEEBV1_MYTGA AOABBGEBV1 Dihydropteridine reductase 4 P0443
tr| AOABB6EGFO | AOASBEEGFO_MYTGA AOABBGEGFO Cilia-and flagella-associated protein 96 4 0444
tr| AOABBGEL21|AOABBGEL21_MYTGA AOABBGEL21 Propionyl-CoA carboxylase alpha chain, mitochondrial 4 P0445
tr| AOABBGEM74 | AOABBEEM74_MYTGA AOABBGEM74 Collagen, type VI, alpha 4 P0446
tr] AOABBEEMU2 | AOASBEEMU2_MYTGA AOABBEMU2 Coronin-1B/1C/6 4 0447
tr| AOABBSENC1 | AOABBEENC1_MYTGA AOABBGENCL Uncharacterized protein 4 P0448
tr| AOABBGEPEG | AOABBGEPES_MYTGA AOABBGEPES Glycine cleavage system P protein 4 P0449
tr| AOABB6EVS4 | ADASBEEVSA_MYTGA AOABBGEVS4 NAD(P)H oxidase (H202-forming) 4 P0450
tr| AOASBGEVTS | AOABBGEVTS_MYTGA AOABBGEVTS Arachidonate 5-lipoxygenase 4 P0451
tr| AOABBBEYH3 | ADASBEEYH3_MYTGA AOABBGEYH3 Coiled-coil domain-containing protein 40 4 P0452
tr| AOABB6F3D 1| AOABB6F3D1_MYTGA AOABB6F3D1 2,4-dienoyl-CoA reductase [(3E)-enoyl-CoA-producing] (Fragt 4 P0453
tr| AOABB6F3E2 | AOABBGF3E2_MYTGA AOABBGF3E2 CCDC81 HU domain-containing protein 4 P0454
tr| AOABB6F3N7 | AOABB6F3N7_MYTGA AOABBGF3NT7 fruct i ase (Isom 4 P04SS5
tr| AOABBEFATO | AOABBEFATO_MYTGA AOABBEFATO Dynein light intermediate chain 4 P0456
tr| ADABB6FAXS | ADABBEFAXS_MYTGA AOABBGF4XS5 V-type proton ATPase subunit C 4 P0457
tr| AOABB6F554 | AOASBEFS554_MYTGA AOABB6FS554 Neurotransmitter-gated ion-channel ligand-binding domain 4 P0458
tr| AOABB6F7A2 | AOASBEF7A2_MYTGA AOABB6F7A2 Isochorismatase-like domain-containing protein 4 P0459
tr| AOABB6FITI | AOABBGFITI_MYTGA AOABB6FIT9 Spectrin beta 4 P0460
tr| AOABB6FB32 | AOASBEFB32_MYTGA AOABB6FB32 Proteasome subunit beta 4 P0461
tr| AOASBGFBS7 | ADABBEFBS57_MYTGA AOABBEFB57 Uncharacterized protein ) P0462
tr| AOABBGFFY1 | ADABB6FFY1_MYTGA AOABBGFFYL Phosphodiesterase 4 P0463
tr| AOABB6FGAS | AOABBEFGAS_MYTGA AOABBGFGAS Dynein heavy chain, axonemal 4 P0464
tr| AOABB6FHR2 | AOABB6FHR2_MYTGA AOABBGFHR2 Endoplasmic reticulum protein 29 4 P0465
tr| AOABBGFIVS | AOASBEFIVE_MYTGA AOABBGFIVS Prolineiminopeptidase 4 P0466
tr| AOABB6FI56 | AOASBEFI56_MYTGA AOABB6FIS6 Pyruvate dehydrogenase E1 component subunit beta 4 P0467
tr| AOABB6FIH4 | AOABBGFIHA_MYTGA AOABBGFIH4 Nucleosomeassembly protein 1-ike 1 4 P0468
tr| AOABB6F)I3 | AOABB6FII3_MYTGA AOABBGFII3 Growth factor receptor-binding protein 2 4 P0469
tr| AOASBGFMQS | AOABBEFMQS_MYTGA AOASBEFMQS Dynein regulatory complex subunit 4 4 P0470
tr| AOABB6FN32 | AOABB6FN32_MYTGA AOABB6FN32 Uncharacterized protein 4 P0471
tr| AOABB6FPZ2 | AOABBEFPZ2_MYTGA AOABB6FPZ2 Translocon-associated protein subunit alpha 4 P0472
tr| AOASB6FQ26 | AOABB6FQ26_MYTGA AOABB6FQ26 Uncharacterized protein ) P0473
tr| AOABB6FRR2 | AOASBEFRR2_MYTGA AOABBGFRR2 Succinate—CoA ligase [ADP/GDP-forming] subunit alpha, mit 4 0474
tr| AOABB6FUF6 | AOASBEFUFE_MYTGA AOABBGFUF6 Metabotropic glutamate receptor 2/3 4 P0475
tr| AOABBGFWPS | AOABBGFWPS_MYTGA AOABB6FWPS DNA replication licensing factor MCM3 4 P0476
tr| AOABB6FY69 | AOABBEFY69_MYTGA AOABB6FY69 fructose-bisphosphatase (Fragment) 4 P0477
tr| AOABBEFYC3 | AOABBEFYC3_MYTGA AOABBEFYC3 Eukaryotic translation initiation factor 3 subunit G 4 P0478
tr| AOABB6G3WO | AOABBEG3WO_MYTGA AOABB6G3WO Uncharacterized protein 4 0479
tr] AOABB6G690 | ADASBEGEIO_MYTGA AOABB6GE90 265 proteasome regulatory subunit T4 4 P0480
tr| AOABB6G720 | ADASBEG720_MYTGA AOABB6G720 Cilia-and flagella-associated protein 20 4 P0481
tr| AOABB6GC79 | ADABBEGC79_MYTGA AOABB6GC79 cullins 4 0482
tr| AOABB6GD52 | AOABBEGD52_MYTGA AOABB6GDS52 dolichyl-diphosphooligosaccharide-protein glycotransferas 4 P0483
tr| AOABB6GEIS | AOABB6GEIS_MYTGA AOABB6GEIS Uncharacterized protein 4 P0484
tr| AOABB6GFA2 | AOABBEGFA2_MYTGA AOABB6GFA2 ATP synthase subunit b 4 P0485
tr| AOABB6GGC2 | ADABBEGGC2_MYTGA AOABB6GGC2 Large subunit ribosomal protein LSe 4 P0486
tr| AOABB6GI66 | AOABB6GI66_MYTGA AOABB6GI66 AP-1 complex subunit mu 4 P0487
tr| AOABBEGMBO | AOASBEGMBO_MYTGA AOABB6GMBO g nuclear ri in U-like protein 1 4 P0488
tr| AOABBEGNO6 | ADABBEGNIE_MYTGA AOABB6GNO6 ' ine phosphori a 4 P0489
tr| AOABB6GSKS | AOABBEGSKS_MYTGA AOABB6GSKS 265 proteasome regulatory subunit N2 4 0490
tr] AOABB6GX49 | ADASBEGX49_MYTGA AOABB6GX49 Ras-related protein Rab-7A 4 P0491
tr| AOASB6GYV7 | AOABBEGYV7_MYTGA AOABBEGYV7 d p like 1/2 ) P0492
tr| AOABB6H346 | AOASBEH346_MYTGA AOABBGH346 cGMP-specific 3',5"cyclic phosphodiesterase 4 0493
tr| AOABB6H3D1 | AOASBEH3D1_MYTGA AOABB6H3D1 Nuclear cap-binding protein subunit 1 (Fragment) 4 P0494
tr| ADABBGH3W8 | AOABBEH3W8_MYTGA AOABBGH3WS Heme-binding protein 2 4 P0495
tr| AOABB6HGE 15 | ADASBEHE15_MYTGA AOABBEH615 aldehyde dehydrogenase (NAD(+)) (Fragment) 4 P0496
tr| AOABBEHG5 | AOASBEH6)5_MYTGA AOABBEHS)S Glycerol-3-phosphate dehydrogenase [NAD(+)] 4 P0497
tr| AOABB6HSSO | AOABBEHBSO_MYTGA AOABBGHSSO Galectin domain-containing protein 4 0498
tr] AOABBEHIVS | ADASBEHIVS_MYTGA AOABBEHIVS Ankyrin (Fragment) 4 P0499
tr| AOASBEHCMO | AOASBEHCMO_MYTGA AOABBEHCMO Uncharacterized protein 4 P0500
tr| AOABBEHDX4 | AOABBEHDX4_MYTGA AOABBEHDX4 Guanine nucleotide-binding protein G(s) subunit alpha 4 P0501
tr] AOABBEHFAI | AOABBEHFAI_MYTGA AOABBEHFAY Mitochondrial 2-oxoglutarate/malate carrier protein 4 P0502
tr| AOABBGHGE1 | AOABBEHGEL_MYTGA AOABBGHGEL RNAhelicase 4 P0503
tr| AOABBBHIH7 | AOASBEHIH7_MYTGA AOABBEHIH7 methylmalonyl-CoA mutase 4 P0504
tr| AOABBGHIV7 | AOABBEHIV7_MYTGA AOABBGHIV7 Uncharacterized protein 4 PO505
tr| AOABBGHL18 | AOABBEHL18_MYTGA AOABBGHL18 Stress-induced-phosphoprotein 1 4 P0506
tr] AOABBEHRAS | AOASBEHRAS_MYTGA AOABBGHRAS y hase d ining prot 4 P0507
tr| AOABBEHTLS | AOASBEHTLS_MYTGA AOABBGHTLS Cilia-and flagella-associated protein 157 4 P0508
tr| AOABBEHU91 | AOABBEHUI1_MYTGA AOABB6HU91 Uncharacterized protein 4 P0509
tr|FOV448|FOVA48_MYTGA FOV448 Putative C1q domain containing protein MgC1q11 4 P0510
tr|Q5WV89 |Q6WVB9_MYTGA QsWV89 Histone H2B ) PO511
r]Q8MUC3 |Q8MUC3_MYTGA Qsmuc3 glutathione transferase 4 P0512
tr] AOAOKOPUP6 | AOAOKOPUP6_MYTGA AOAOKOPUP6 Shell nacre collagen-like protein 1 (Fragment) 3 P0513
tr| ADA140H125 | ADAL40H125_MYTGA AOA140H125 GTP-binding nuclear protein 3 P0514
tr| AOASLSTR65 | AOASLSTRE5_MYTGA AOA3LSTRES Uncharacterized protein (Fragment) 3 PO515
tr| AOA3LSTTA2 | ADA3LSTTA2_MYTGA AOA3LSTTA2 Uridylate-specific endor (Fragment) 3 P0516
tr| ADA3RSTR15 | ADA3RSTR5_MYTGA AOA3RSTR1S peptidylprolyl isomerase (Fragment) 3 PO517
tr| AOABBEBEUS | AOABBEBEUS_MYTGA AOABBEBEUS Adenylate kinase 3 P0518
tr| AOASB6BFNO | AOABBEBFNO_MYTGA AOASBEBFNO Septin 3 P0519
tr| AOABB6BFZ5 | AOABBEBFZ5_MYTGA AOABB6BFZS5 Speriolin C-terminal domain-containing protein 3 P0520
tr| AOABBEBGR2 | AOASBEBGR2_MYTGA AOABBEBGR2 Translation initiation factor 3 subunit F 3 P0521
tr| AOABBGBIVY | AOABBEBIVI_MYTGA AOABB6BIVY SWI/SNF-related matrix-associated actin-dependent regulatc 3 P0522
tr| AOABB6BIB2 | AOABBEBIB2_MYTGA AOABB6BIB2 Phosphoribosylformylglycinamidine synthase 3 P0523
tr| AOABB6BK6 1| AOABBEBK61_MYTGA AOABBEBK6 1 Uncharacterized protein 3 P0524
tr| AOABB6BL8S | AOASBEBLES_MYTGA AOABBGBLES Protein disulfide-isomerase 3 P0525
tr| AOABB6BLGA | AOABBEBLGA_MYTGA AOASBEBLGA V-type proton ATPase subunit H 3 P0526
tr| AOABBEBM?5 | AOABBEBM75_MYTGA AOABBEBM75 Eukaryotic translation initiation factor 6 3 P0527
tr| AOABB6BMP2 | AOASBEBMP2_MYTGA AOABB6BMP2 DUF4773 domain-containing protein 3 P0528
tr| AOABBEBMV1 | AOABBEBMVI_MYTGA AOABBEBMV1L Ribose-phosphate pyrophosphokinase 1 3 P0529
tr| AOASB6BQ12 | ADASB6BQL2_MYTGA AOA8B6BQ12 small nuclear ribonucleoprotein Band B 3 P0530
tr| AOABB6BQZ3 | AOABB6BQZ3_MYTGA AOA8B6BAZ3 Uncharacterized protein 3 P0531
tr| AOABB6BR27 | AOABBEBR27_MYTGA AOABBEBR27 Heat shock protein 90kDa beta 3 P0532
tr| AOABBGBRCA | AOABBEBRCA_MYTGA AOABBGBRCA Dynein light chain roadblock 3 P0533
tr| AOABB6BT40 | AOASBEBT40_MYTGA AOABB6BT40 KH domain-containing, RNA-binding, signal transduction-as: 3 P0534
tr| AOABBGBTN1 | AOABBEBTNI_MYTGA AOABBEBTNL DnaJ homolog subfamily C member 2 3 PO535
tr| ADABBEBUCS | AOABBEBUCS_MYTGA AOABBEBUCS Translation initiation factor 5A 3 P0536
tr| AOABB6BUY9 | AOABBEBUYS_MYTGA AOABBEBUY9 thioredoxin-disulfide reductase 3 P0537
tr| AOABBEBWAS | AOASBEBWAS_MYTGA AOABB6BWAS Mitochondria-eating protein C-terminal domain-containing 3 P0538
tr| AOABB6BY54 | ADABBEBYS4_MYTGA AOABB6BYS4 Mitogen-activated protein kinase 3 P0539
tr| AOABB6C153 | AOABB6C153_MYTGA AOABB6C153 Citrate synthase 3 P0540
tr| AOABB6C1U1 | ADABBEC1UL_MYTGA AOABB6C1UL Transforming growth factor-beta-induced protein 3 PO541
tr| AOABB6C553 | AOABB6C553_MYTGA AOABB6C553 Protocadherin Fat 4 3 P0542
tr| AOABB6C5C7 | AOABBEC5C7_MYTGA AOABB6C5CT Large ribosomal subunit protein ul2 3 P0543
tr| AOABB6C5UO | ADABBECSUO_MYTGA AOABB6C5UO Uncharacterized protein 3 PO544
tr| AOABB6C5 WS | ADASBECSWS_MYTGA AOABB6CSWS Ubiquitin carboxyl-terminal hydrolase 3 PO545
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tr| AOABB6C603 | AOABB6C603_MYTGA AOABB6C603 Major vault protein 3 P0546
tr| ADA8B6C6UI | AOABBECEUI_MYTGA AOA8B6ECEUS ELAV like protein 2/3/4 3 P0547
tr] AOABB6C8D6 | AOASBECEDE_MYTGA AOABB6C8D6 g nuclear ri in K 3 P0548
tr| AOABB6CBO6 | AOABB6CBO6_MYTGA AOABB6CBO6 Caspase 7 3 P0549
tr| AOABB6CBF6 | AOASBECBF6_MYTGA AOABB6CBF6 Sperm-associated antigen 16 protein 3 P0550
tr] AOABB6CCQI | ADASBECCQI_MYTGA AOABB6CCQI Uncharacterized protein 3 PO551
tr| AOA8B6CDB6 | AOABB6CDB6_MYTGA AOA8B6CDBE NADPH2:quinonereductase 3 P0552
tr| AOABB6CDI4 | AOABBECDI4_MYTGA AOABB6CDI4 Poly [ADP-ribose] polymerase 3 P0553
tr| AOABBECEA7 | AOASBECEA7_MYTGA AOABBECEA7 ADF-H domain-containing protein 3 P0554
tr| AOA8B6CEWS | ADABB6ECEWS_MYTGA AOA8BECEWS Large ribosomal subunit protein uL11 3 PO555
tr| AOABB6CF87 | AOASBECF87_MYTGA AOABB6CF87 Leucine-rich repeat-containing protein 40 3 PO556
tr| AOABBECHEG | AOABBECHEG_MYTGA AOABBECHES Profilin 3 PO557
tr| AOABB6CJ20 | AOABB6CI20_MYTGA AOABB6CI20 Dynein heavy chain, axonemal 3 P0558
tr| AOABB6CJ29 | AOABBECI29_MYTGA AOABB6CI29 kynurenine-oxoglutarate transaminase 3 P0559
tr| AOASB6CIW3 | ADASBECIW3_MYTGA AOABB6CIW3 Leucine-rich PPR motif-containing protein, mitochondrial 3 P0560
tr| AOABBECMT7 | AOABBECMT7_MYTGA AOABBECMT? Collagen, typelV, alpha 3 PO561
tr] AOABBECNHS | AOABBECNH5_MYTGA AOABBECNHS Acyl-CoA dehydrogenase/oxidase N-terminal domain-contail 3 PO562
tr| AOASB6CNQ4 | ADABB6ECNQ4_MYTGA AOA8BECNQ4 sulfite oxidase 3 P0563
tr| AOABB6CSF4 | AOABBECSF4_MYTGA AOABB6CSF4 VWFA domain-containing protein 3 PO564
tr| AOABB6CUS1 | ADASBECUS1_MYTGA AOABB6CUS1 Uncharacterized protein 3 PO565
tr| AOASB6CXE3 | AOA8B6ECXE3_MYTGA AOA8BBCXE3 Eukaryotic translation initiation factor 3 subunit H 3 P0566
tr| AOABBECXF7 | AOASBECXF7_MYTGA AOABBECXF7 Uncharacterized protein 3 PO567
tr| AOABB6CYQS | AOABBECYQB_MYTGA AOABB6CYQS Glucosamine-6-phosphate isomerase 3 PO568
tr| AOABB6CYY6 | ADABBECYY6_MYTGA AOABB6CYY6 ODAD1 central coiled coil region domain-containing proteir 3 P0569
tr| AOABB6CZ28 | ADASBECZ28_MYTGA AOABB6CZ28 Sulfotransferase domain-containing protein 3 P0570
tr|ADABB6CZV8 | AOABB6CZVE_MYTGA AOABB6CZVE Peptidase S9 prolyl oligopeptidase catalytic domain-contain 3 PO571
tr| AOABB6D2D7 | AOABB6D2D7_MYTGA AOA8B6D2D7 Carboxylic ester hydrolase 3 P0572
tr| AOABBED2RO | AOASBED2RI_MYTGA AOABBED2R9 COP9 signalosome complex subunit 7 3 P0573
tr| ADASB6D2T4 |AOA8B6D2T4_MYTGA AOA8B6D2T4 ADP-ribosylation factor 3 P0O574
tr| AOABB6DA8B4 | ADASBEDA484_MYTGA AOABB6DA84 Dihydrolipoami a of pyruvate 3 PO575
tr| AOABBEDSES | AOABBEDSES_MYTGA AOABBEDSEY lysozyme 3 PO576
tr|ADA8B6D7T2 | AOABB6D7T2_MYTGA ADA8B6D7T2 Small ribosomal subunit protein us15 3 P0577
tr| AOABB6D9O1 | ADASBEDIOL_MYTGA AOA8B6D901 Enolase-phosphatase E1 3 P0578
tr| AOASB6DIS2 | ADASBEDIS2_MYTGA AOABB6D9S2 Uncharacterized protein 3 P0579
tr| AOABB6DIE3 | AOABBEDIE3_MYTGA AOABB6DIE3 Programmed cell death 6-interacting protein 3 P0580
tr| AOABBEDAY6 | AOABBEDAYE_MYTGA AOABBEDAYE Nuclear pore complex protein Nup155 3 PO581
tr| AOA8B6DB68 | AOA8B6EDB68_MYTGA AOA8B6DB68 AP-1 complex subunit beta-1 (Fragment) 3 P0582
tr| AOABB6DCL3 | AOABBEDCL3_MYTGA AOABB6DCL3 Structural maintenance of chromosomes protein 3 P0583
tr| AOABBEDCU4 | ADABBEDCU4_MYTGA AOABBEDCU4 Dolichyl-di i ide-protein gl 3 P0584
tr| AOA8B6DCX7 | AOA8BEDCX7_MYTGA AOA8BEDCX7 Uncharacterized protein 3 P0585
tr| AOABBEDESS | AOASBEDES8_MYTGA AOABBEDESS Uncharacterized protein 3 P0586
tr| AOA8B6DFH3 | AOA8BEDFH3_MYTGA AOA8BEDFH3 Large ribosomal subunit protein el 34 3 P0587
tr| AOABB6DGB3 | AOABBEDGB3_MYTGA AOA8B6DGB3 Eukaryotic translation initiation factor 5 3 P0588
tr] AOABBEDHYS | AOASBEDHYS_MYTGA AOABBEDHY5 ER-derived vesicles protein 3 P0589
tr| ADA8B6DI04 | AOA8BEDI04_MYTGA AOA8BEDI04 Suppressor of tumorigenicity protein 13 3 P0590
tr| AOABBEDIAG | AOABBEDIA6_MYTGA AOABBEDIAG Histone H2A 3 P0591
tr| AOABB6DIC1 | AOASBEDIC1_MYTGA AOABBEDIC1 Dynein regulatory complex subunit 3 3 P0592
tr| AOASB6DJNS | AOA8BEDINS_MYTGA AOA8BEDJINS 'WSC domain-containing protein 3 P0593
tr| AOABBEDK71|ADASBEDK71_MYTGA AOABBEDK71 Neurexin 3 P0594
tr| AOABBEDLYS | AOASBEDLYS_MYTGA AOABBEDLYS Ubiquitin carboxyl-terminal hydrolase 3 P0595
tr|AOA8B6DM16 | AOABB6EDM16_MYTGA AOA8B6DM16 60S ribosomal protein L21 3 P0596
tr| AOABBEDMR6 | AOASBEDMRE_MYTGA AOABBEDMRE Vitellogenic carboxypeptidase-like protein 3 P0597
tr| AOA8B6DNE4 | AOABB6DNE4_MYTGA AOA8BEDNE4 Enoyl-CoA hydratase, mitochondrial 3 P0598
tr| AOABB6DQQY | AOABBEDQQ9_MYTGA A0A8B6DQQY Uncharacterized protein 3 P0599
tr| AOABBEDS00 | AOABBEDS00_MYTGA AOABBEDS00 Integrin beta 3 P0600
tr| AOA8B6DTDI | AOASB6DTDI_MYTGA AOA8B6DTDY non-specific serine/threonine protein kinase 3 P0601
tr| AOABBEDUG4 | AOABBEDUGA_MYTGA AOABB6DUG4 IMP dehydrogenase 3 P0602
tr| AOABBEDUG | AOABBEDUG1_MYTGA AOABBEDUGL Cytosol aminopeptidase 3 P0603
tr|ADA8B6DVQS | AOA8BEDVQ8_MYTGA AAOA8B6DVQS Exportin-7 (Fragment) 3 P0604
tr| AOABB6DVZ6 | AOABBEDVZ6_MYTGA AOABBEDVZE MICOS complex subunit 3 PO60S
tr| AOABB6DZI3 | AOABBEDZI3_MYTGA AOABB6DZI3 Phenylalanyl-tRNA synthetase beta chain 3 P0606
tr| AOA8B6E4MI | ADASB6E4AMI_MYTGA ADA8BBE4MI mRNA export factor 3 P0607
tr| AOABB6ESK? | AOASBEESK7_MYTGA AOABBGESK? Peptidyl-prolyl cis-trans isomerase-like 6 3 P0608
tr| AOASB6E7X0 | AOA8BEE7X0_MYTGA AOABBBE7X0 Phosphor formyltransfer 3 P0609
tr| AOABB6E7Z6 | AOABBGE7Z6_MYTGA AOABBGE7Z6 Type | protein arginine methyltransferase 3 P0610
tr| AOABBGESA7 | AOASBEES47_MYTGA AOABBGES47 Dynein heavy chain tail domain-containing protein 3 PO611
tr| AOASB6E957 | AOABB6EIS7_MYTGA AOA8BGESS7 Phospholipid scramblase 3 P0612
tr| AOABB6ES)1 | AOABB6ESL_MYTGA AOABB6E9)1 Transgelin 3 P0613
tr| AOABBGEB)6 | AOASBGEBI6_MYTGA AOABBGEBJ6 peptidylprolyl isomerase 3 P0614
tr| AOASB6ECQ3 | AOASB6ECQ3_MYTGA AOA8BGECQ3 Pre-mRNA-processing factor 8 3 P0615
tr| AOABBGEDOS | AOABBEEDOS_MYTGA AOABBGEDOS Structural maintenance of chromosome 4 3 P0616
tr|AOASB6ED11|AOA8B6ED11_MYTGA AOA8BGED11 S-formylglutathione hydrolase 3 P0617
tr| AOASB6EDN1 | AOASBGEDN1_MYTGA ADA8BBEDN1 Heat shock 70kDa protein 1/8 3 P0618
tr| AOABBGEEOO | AOABBGEEOO_MYTGA AOABBGEEOD Opine dehydrogenase domain-containing protein 3 P0619
tr| AOASB6EE1S | AOASB6EELS5_MYTGA AOABBGEE1S Formyltetrahydrofolate dehydrogenase 3 P0620
tr| AOABBGEIF1 | AOABBGEIF1_MYTGA AOABBGEIFL Carnitine O-palmitoyltransferase 2 3 P0621
tr| AOABBGEIQS | AOASB6EIQS_MYTGA AOABBGEIQS Protein sleepless 3 P0622
tr| AOASBGEJH7 | AOABBEEIH7_MYTGA AOASBGEIH7 S-methyl-5"-thioadenosine phosphorylase 3 P0623
tr| AOABBGEIT7 | AOASBEEIT7_MYTGA AOASBGEIT? 3-hydroxyisobutyrate dehydrogenase 3 P0624
tr| AOABBGELUS | AOASBEELU9_MYTGA AOABBGELU9 [ ion el binding protein 3 P0625
tr| AOABBGELY9 | AOABBBELYS_MYTGA AOABBGELY9 EF-hand domain-containing protein 3 P0626
tr] AOABBGENU1 | ADASBEENU1_MYTGA AOASBGENU1 rRNA2'-O-methyltransferase fibrillarin 3 P0627
tr| AOASB6EPU1 |AOA8B6EPUL_MYTGA AOA8BGEPUL Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase 3 P0628
tr| AOABB6EQSO | AOABBEEQSO_MYTGA AOABBGEQSO EF-hand domain-containing protein 3 P0629
tr| AOABB6EQ84 | AOABBEEQ8A_MYTGA AOABBGEQB4 glucose-6-phosphate 1-epimerase 3 P0630
tr| AOA8B6ERM7 | AOASBGERM7_MYTGA AOASBGERM7 binding protein G(1), (T) subunit b 3 P0631
tr| AOABBGERS1 | AOABBGERS1_MYTGA AOABBGERS1 Actin beta/gamma 1 3 P0632
tr| AOABBGETSS | AOABBGETS5_MYTGA AOABBGETSS Prenylcysteine oxidase / far inely 3 P0633
tr| AOASBGEUHG | AOASBGEUH6_MYTGA AOASBGEUHG Leucinezipper transcription factor-like protein 1 3 P0634
tr| AOABB6EY33 | AOABBGEY33_MYTGA AOABBGEY33 Actin beta/gamma 1 3 P0635
tr| AOASB6EZ91 | AOABB6EZ91_MYTGA AOA8B6EZ91 Eukaryotic translation initiation factor 2A 3 P0636
tr| AOABB6EZB4 | AOABB6EZBA_MYTGA AOASB6EZB4 Importin subunit alpha 3 P0637
tr| AOABBGEZI9 | AOASBEEZI9_MYTGA AOABBGEZI9 Cytochrome b-c1 complex subunit 8 3 P0638
tr| AOASB6FOP1|AOA8B6FOP1_MYTGA AOA8BEFOP1 TNF family profile domain-containing protein 3 P0639
tr| AOABB6F131|ADASBEF131_MYTGA AOABB6F131 Arsenite methyltransferase 3 P0640
tr| AOABB6F225 | ADASBEF225_MYTGA AOABB6F225 Glutamine synthetase 3 PO641
tr| ADASB6F4D6 | AOA8B6FAD6_MYTGA AOA8B6FAD6 Myosin heavy chain 3 P0642
tr| AOABB6F571|AOASBEFS571_MYTGA AOABB6F571 Small subunit ribosomal protein S10e 3 P0643
tr| AOABB6F648 | AOASBEF648_MYTGA AOABB6F648 small nuclear ribonucleoprotein Sm D2 3 P0644
tr| AOABB6F652 | AOABBEF652_MYTGA AOABB6F652 Ribose-phosphate pyrophosphokinase 3 PO64S
tr| AOABB6F610 | AOASBEF6I0_MYTGA AOABBGF610 Complex 1-49kD 3 P0646
tr| AOASBGFIDS | AOABBEFIDS_MYTGA AOABBGFIDS Uncharacterized protein 3 P0647
tr| AOABB6FIE | AOABBGFIES_MYTGA AOABBGFIES Tropomyosin 3 P0648
tr| AOABB6FA19 | ADASBEFAL9_MYTGA AOABBGFAL9 Double-stranded RNA-binding protein Staufen 3 P0649
tr| ADASB6FAIS | AOABBEFAIS_MYTGA AOABBGEFAIS Small nuclear ribonucleoprotein Sm D1 3 P0650
tr| AOABB6FASA | AOABBEFASA_MYTGA AOABB6FASA Eukaryotic translation initiation factor 3 subunit M 3 PO651
tr| AOABB6FBVO | AOASBEFBVO_MYTGA AOABBEFBVO Xaa-Pro aminopeptidase (Fragment) 3 PO652
tr| AOA8B6FC70 | AOASBEFC70_MYTGA AOA8BEFC70 Short-chain collagen C4-like 3 P0653
tr| AOABB6FCA2 | AOASBEFCA2_MYTGA AOABBGFCA2 Alpha-mannosidase 3 P0654
tr| AOABBGFI99 | AOASBEFI99_MYTGA AOABBGFI99 Proteasome subunit alpha type 3 PO655
tr| AOABB6FIES | AOABBGFIES_MYTGA AOASBGFIES RNA-binding protein 4 3 P0656
tr| AOABB6FKO9 | AOASBEFKO9_MYTGA AOABBEFKO9 thioredoxin-dependent peroxiredoxin 3 PO657
tr| AOA8B6FKZ2 | AOABB6FKZ2_MYTGA AOA8BEFKZ2 asparagine-tRNA ligase 3 P0658
tr| AOABB6FNDO | AOASBEFNDO_MYTGA AOABBGFNDO Extended synaptotagmin-2 3 P0659
tr| AOABB6FNL2 | AOASBEFNL2_MYTGA AOABBGFNL2 Carbonic anhydrase 3 P0660
tr| AOASB6FPD4 |AOA8B6FPD4_MYTGA AOA8BEFPD4 Cytoskeleton-associated protein 5 3 P0661
tr| AOABB6FQY4 | AOASBEFQYA_MYTGA AOABBGFQY4 Meiosis-specific nuclear structural protein 1 3 P0662
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tr| AOABB6FRGO | AOABBEFRGO_MYTGA AOABBGFRGO E3 ubiquitin-protein ligase UBR4 3 P0663
tr| AOASB6FTO0 | ADASB6FTO0_MYTGA AOA8BEFTO0 DnaJ homolog subfamily B member 5 3 P0664
tr| AOABB6FUO4 | AOABBEFUOA_MYTGA AOABB6FU04 Dynein heavy chain, axonemal 3 PO665
tr| AOABB6FUJS | AOABBEFUIS_MYTGA AOASBGFUIS Uncharacterized protein 3 PO666
tr| AOABB6FV92 | ADASBEFVI2_MYTGA AOABB6FV92 Ubiquinol-cytochrome ¢ reductase cytochrome c1 subunit 3 P0667
tr| AOABB6FVC2 | AOASBEFVC2_MYTGA AOABBEFVC2 4a-hydroxytetrahydrobiopterin dehydratase 3 P0668
tr|ADABB6FVT1 | AOASBEFVT1_MYTGA AOASB6FVTL 265 proteasome non-ATPase regulatory subunit 4 (Fragment. 3 P0669
tr| AOABB6FVUS | AOABB6FVUS_MYTGA AOABBGFVUS NADH dehydrogenase i 1alpha sub 3 P0670
tr| AOABBGFXI7 | AOASBEFXI7_MYTGA AOABBEFXI7 Centractin 3 P0671
tr| ADASB6FXY7 | ADABBEFXY7_MYTGA AOA8BEFXY7 4-hydroxy-2 gl Idol. i ial 3 P0672
tr| AOABB6FZ84 | AOABBGFZ84_MYTGA AOABB6FZ84 Myosin light chain 6 3 P0673
tr| AOABB6FZC7 | AOABBEFZC7_MYTGA AOABB6FZCT Nuclear pore protein 3 P0674
tr| AOABB6FZD9 | AOASB6FZDI_MYTGA AOA8B6FZD9 Large subunit ribosomal protein L18e 3 P0675
tr| AOABB6FZP1| AOABBGFZP1_MYTGA AOABB6FZP1 Glutathione S-transferase 3 P0676
tr| AOASB6G024 | ADASB6GO24_MYTGA A0A8B6G024 phosphorylase d: protein (Fragi 3 P0677
tr| AOABB6GON3 | AOABBEGON3_MYTGA AOABB6GON3 Small ribosomal subunit protein us13 3 P0678
tr| AOABB6GOP4 | ADASBEGOPA_MYTGA AOABB6GOP4 Pumilio RNA-binding family 3 P0679
tr| AOA8B6GAA3 | ADABB6GAA3_MYTGA AOA8BEGAA3 Pyruvate carboxylase 3 P0680
tr| AOABB6GS66 | AOASBEG566_MYTGA AOABB6GS566 peptidylprolyl isomerase 3 PO681
tr| AOABB6G8SS5 | ADASBEGB55_MYTGA AOABB6GS55 DNA damage-binding protein 1 3 P0682
tr| AOABB6GAS5 | AOABB6EGASS_MYTGA AOA8BEGA8S UspA domain-containing protein 3 P0683
tr| AOABB6GDF2 | AOASBEGDF2_MYTGA AOA8B6GDF2 Ferritin 3 P0684
tr| AOA8B6GDR9 | AOA8B6GDRI_MYTGA AOA8BEGDR9 Syntaxin-binding protein 1 3 P0685
tr| AOABB6GEXG | AOABBEGEX6_MYTGA AOABB6GEX6 csmMD 3 P0686
tr| AOABBEGFAS | AOABBEGFAS_MYTGA AOABBEGFAS NADAR domain-containing protein 3 P0687
tr| AOA8B6GGDO | ADA8B6GGDO_MYTGA AOA8BEGGDO Band 7 domain-containing protein 3 P0688
tr| AOABB6GHR | AOABBEGHRI_MYTGA AOABB6GHRI Guanine nucleotide-binding protein subunit alpha 3 P0689
tr| AOABBEGHSS | AOASBEGHSS_MYTGA AOABBEGHSS Maestro heat-like repeat-containing protein family member 3 P0690
tr| ADA8B6GIM7 | AOABBEGIM7_MYTGA AOA8BEGIM7 NADP- protei 3 P0691
tr] AOABB6GIW2 | AOABBEGIW2_MYTGA AOABB6GIW2 Ribosomal protein L15 3 P0692
tr| AOABB6GJAS | ADASBEGIAS_MYTGA AOABB6GJAS Solute carrier family 25 (Mitochondrial phosphate transport 3 P0693
tr| AOA8B6GJD2 | AOASB6GID2_MYTGA AOA8B6GID2 2ZP domain-containing protein 3 P0694
tr| AOABB6GK8S | ADASBEGK88_MYTGA AOABB6GKSS Prostaglandin reductase 1 3 P0695
tr| AOA8B6GKK6 | AOABBEGKKE_MYTGA AOA8BBEGKKE Peroxiredoxin-5 3 P0696
tr| AOABB6GPZ6 | AOABB6GPZ6_MYTGA AOABB6GPZ6 Eukaryotic peptide chain release factor GTP-binding subunit 3 P0697
tr| AOABB6GQC1 | AOABB6GQC1_MYTGA AOABB6GQCL Uncharacterized protein (Fragment) 3 P0698
tr| AOA8B6GTS1 |AOA8B6GTS1_MYTGA AOA8BEGTS1 Aldehyde dehydrogenase (NAD+) 3 P0699
tr| AOABB6GTYS | AOASBEGTYS_MYTGA AOABB6GTYS Trans-1,2-dihy 1,2-diol 3 0700
tr| AOABB6GUZ7 | AOASBEGUZ7_MYTGA AOABB6GUZ7 Uncharacterized protein 3 P0701
tr| ADABB6GV25 | AOABBEGV25_MYTGA AOA8BBEGV25 LIM zinc-binding domain-containing protein 3 P0702
tr| AOABB6GV38 | ADASBEGV38_MYTGA AOABB6GV38 Ankyrin repeat and SOCS box protein 17 3 0703
tr| AOASB6GVE1 | AOA8B6GVEL_MYTGA AOA8BEGVEL CD80-likeimmunoglobulin C2-set domain-containing prote 3 P0704
tr| AOABB6GXZ3 | AOABBEGXZ3_MYTGA AOABB6GXZ3 Nuclear migration protein nudC 3 0705
tr| AOABB6H044 | ADASBEHO44_MYTGA AOABBEHO44 Dolichyl-di i ide-protein gl 3 P0706
tr|AOA8B6H111|ADA8B6EH111_MYTGA AOA8BEH111 d 1pi like 3 P0O707
tr| AOABB6H1F3 | AOABBEH1F3_MYTGA AOASBGH1F3 1 3 0708
tr| AOABB6H228 | ADASBEH228_MYTGA AOABB6H228 Endoplasmic reticulum resident protein 44 3 P0709
tr|AOA8B6H369 | AOA8BEH369_MYTGA AOA8BEH369 NCK-associated protein 1 3 P0O710
tr| AOABB6H3DO | AOABBEH3DO_MYTGA AOABB6H3DO Vesicle-associated membrane protein-associated protein A 3 PO711
tr| AOABBEHA59 | ADASBEHA59_MYTGA AOABBEHA59 Serine/threonine-protein phosphatase 6 regulatory subunit 3 P0712
tr|AOA8B6HAW1 | AOABBEHAW1_MYTGA AOA8BEHAW1 Signal recognition particle subunit SRP68 3 P0O713
tr| AOABB6HAZ9 | AOABBEHAZ9_MYTGA AOABBEHAZ9 Uncharacterized protein 3 0714
tr| AOA8B6H5B1 | AOA8BEH5B1_MYTGA AOA8BEH5B1 Carboxymethylenebutenolidase 3 PO715
tr| AOABBGHGES | AOABBEHGES_MYTGA AOABBGHGEY Very low-density lipoprotein receptor 3 P0716
tr| AOABBEHGVS | AOASBEHEVS_MYTGA AOABBEH6VS UspA domain-containing protein 3 0717
tr|ADA8B6H753 | AOA8BEH753_MYTGA AOA8BEH753 Dynein axonemal heavy chain 3 P0718
tr| AOABB6H785 | ADASBEH785_MYTGA AOABBGH785 Elongation factor 1-beta 3 0719
tr| AOABBEH7L7 | AOABBEH7L7_MYTGA AOABBEH7LY Adenylate kinase 8 3 P0720
tr|ADA8B6H820 | ADA8BEH820_MYTGA AOA8BEH820 COP9 signalosome complex subunit 5 3 P0721
tr| AOABB6HS70 | ADASBEH870_MYTGA AOABBEHE70 Myosin regulatory light chain 12 3 0722
tr| AOABBGHIE3 | AOABBEHIE3_MYTGA AOABBEHIE3 Dihydropyrimidinase 3 P0723
tr| AOABBGHBCO | AOASBEHBCO_MYTGA AOABBGHBCO 60S ribosomal protein L32 3 0724
tr| AOABBEHBF | AOABBEHBF9_MYTGA AOABBEHBF9 Dynein heavy chain, axonemal (Fragment) 3 P0725
tr| AOA8B6HCNS8 | AOABB6HCN8_MYTGA AOA8BEHCNS Uncharacterized protein 3 P0726
tr| AOABBEHDO4 | AOABBEHDO4_MYTGA AOABB6HDO4 Dipeptidyl peptidase 1 3 0727
tr| AOABBEHDR2 | AOASBEHDR2_MYTGA AOABBEHDR2 inorganic diphosphatase 3 P0728
tr| AOASB6HESS | AOASBGHESS_MYTGA AOASBEHESS Ankyrin repeat domain-containing protein 45 3 P0729
tr| AOABB6HF22 | AOABBEHF22_MYTGA AOABBEHF22 BEACH-type PH domain-containing protein 3 0730
tr| AOABBGHF84 | AOABBEHF84_MYTGA AOABBEHF84 NADH dehydrogenase [ubii 1alpha subi 3 P0731
tr| AOA8B6HGTO | AOASBEHGTO_MYTGA AOASBEHGTO Serine/threonine-protein phosphatase 3 P0732
tr| AOABBEHIA3 | AOABBGHIA3_MYTGA AOABBGHIA3 Solute carrier family 3 (Neutral and basic amino acid transpc 3 0733
tr| AOABBEH)Y6 | AOABBEHIY6_MYTGA AOABBEHIYE Integrin alpha9 3 P0734
tr| AOABBGHL60 | AOABBEHLE0_MYTGA AOASBGHL60 splicing factor, arginine/serine-rich 1/9 3 0735
tr] AOABBEHLVO | AOABBEHLVO_MYTGA AOABBEHLVO Golgi apparatus protein 1 3 P0736
tr| AOASB6HNO1 | ADASB6EHNO1_MYTGA AOA8BEHNO1 Leucine-rich repeat-containing protein 71 3 P0737
tr| AOABB6HPO1 | ADASBEHPO1_MYTGA AOASBGHPO1 phosphoenolpyruvate mutase 3 0738
tr| AOABBEHQSS | AOABBEHQS5_MYTGA AOABBEHQSS Methyltransferase domain-containing protein 3 P0739
tr| AOA8B6HRCS | AOASBEHRCS_MYTGA AOA8BEHRCS 5'-3'exoribonuclease 3 P0740
tr| AOABBEHUTO | AOASBEHUTO_MYTGA AOASBGHUTO Engulfment and cell motility protein 1 3 P0741
tr|H6T4K6 |H6TAK6_MYTGA H6T4K6 Histone H2A 3 P0742
tr| ADAONOFGLS | AOAONIFGLE_MYTGA AOAONSFGL8 Carbonic anhydrase 2 P0743
tr] AOA126Q9B5 | ADA126Q9B5_MYTGA AOA126Q985 PAN2 2 P0744
tr|AOA140D2R8 |AOA140D2R8_MYTGA AOA140D2R8 CNOT1 2 P0745
tr| AOASLSTQI8 | ADA3LSTQI8_MYTGA AOA3LSTQI8 Nedd8-activating x1 enzyme el regulatory subunit isoform (| 2 P0746
tr| AOA3LSTRU1 | ADA3LSTRU1_MYTGA AOA3LSTRUL Isoform a (Fragment) 2 P0747
tr|ADA3R5Q1J9 |ADA3R5Q1I9_MYTGA AOA3R5Q1J9 EF-hand domain-containing protein (Fragment) 2 P0748
tr| AOABB6BF20 | AOASBEBF20_MYTGA AOABB6BF20 Glutathione S-transferase 2 P0749
tr| AOABBEBFF4 | AOABBEBFF4_MYTGA AOABBEBFF4 Aspartate beta-hydroxylase 2 P0750
tr| AOASB6BFG4 | AOASB6BFG4_MYTGA AOA8B6BFG4 S-adenosylmethionine synthase 2 P0O751
tr] AOABBEBFS | AOABBEBFS9_MYTGA AOABB6BFS9 Alpha-soluble NSF attachment protein (Fragment) 2 P0752
tr| AOABB6BGA6 | AASBEBGA6_MYTGA AOABB6BGA6 cathepsin X 2 P0753
tr| AOA8B6BGE7 | AOASB6BGE7_MYTGA AOASB6BGE7 265 proteasome regulatory subunit N5 2 P0754
tr| AOABBEBHE6 | AOASBEBH66_MYTGA AOABBEBHE6 Ipha-aminoadipic semi hase 2 PO755
tr| AOA8B6BHUG | AOASB6BHUG_MYTGA AOA8BEBHUG EF-hand domain-containing protein 2 P0756
tr| AOABB6BIK2 | AOABB6BIK2_MYTGA AOABB6BIK2 VWFA domain-containing protein (Fragment) 2 PO757
tr| AOABB6B32 | AOABBEBI32_MYTGA AOABB6BI32 Catalase 2 P0758
tr| AOA8B6BI56 | ADABB6BI56_MYTGA AOASB6BIS6 Isocitrate dehydrogenase [NAD] subunit, mitochondrial 2 P0759
tr| AOABB6BIA4 | AOABBEBIA4_MYTGA AOABB6BIAY Uncharacterized protein 2 P0760
tr| AOABB6BLO1 | AOASBEBLO1_MYTGA AOABB6BLO1 Katanin p80 WD40 repeat-containing subunit B1 2 P0761
tr| AOA8B6BLR4 | AOA8B6BLRA_MYTGA AOASB6BLR4 ATP-binding cassette, sub-family E, member 1 2 P0762
tr] AOABBEBNK2 | AOASBEBNK2_MYTGA AOABBEBNK2 E2 ubiquitin-conjugating enzyme 2 P0763
tr| AOASB6BPE2 |AOA8B6BPE2_MYTGA AOA8BEBPE2 Nicalin 2 P0764
tr| AOABB6BQ10 | ADASBEBQ10_MYTGA AOA8B6BQ10 Cortactin 2 PO765
tr| AOABB6BQI9 | AOABBEBQI9_MYTGA AOABB6BQIS Uncharacterized protein 2 PO766
tr| AOASB6BR73 | AOA8B6BR73_MYTGA AOA8BEBR73 NTR domain-containing protein 2 P0767
tr| AOABB6BREL | AOASBEBREL_MYTGA AOABB6BREL Isovaleryl-CoA dehydrogenase, mitochondrial 2 P0768
tr| AOABB6BRR1 | AOABBEBRR1_MYTGA AOABBEBRR1 PDZ GRASP-type domain-containing protein 2 P0769
tr| AOASB6BRR3 | AOA8B6BRR3_MYTGA AOA8B6BRR3 C1g domain-containing protein 2 P0O770
tr| AOABB6BSUG | AOABBEBSUE_MYTGA AOABBEBSUE Solute carrier family 25 (Mitochondrial dicarboxylate transp 2 P0771
tr| AOABBEBTMS | ADASBEBTMS_MYTGA AOABBEBTMS Dynein assembly factor 5, axonemal 2 P0772
tr| AOABB6BTV6 | AOASB6BTV6_MYTGA AOA8BEBTVE Dnal homolog subfamily Amember 1 2 P0773
tr| AOABB6BUO3 | ADASBEBUO3_MYTGA AOA8B6BUO3 AMP-binding enzyme C-terminal domain-containing protein 2 0774
tr| AOA8B6BU30 | ADA8B6BU30_MYTGA AOA8B6BU30 Phospholipid scramblase 2 P0O775
tr| AOABB6BUS6 | AOASBEBUS6_MYTGA AOABB6BUS6 Dipeptidyl-peptidase 1l 2 P0776
tr| AOABBEBVT6 | AOASBEBVTE_MYTGA AOABBEBVT6 Superoxide dismutase 2 0777
tr| ADABB6BVX9 | AOASB6BVX9_MYTGA AOASB6BVX9 Pyruvate dehydrogenase E1 component subunit alpha 2 P0778
tr| AOABBEBWY3 | AOABBEBWY3_MYTGA AOABBEBWY3 Cystatin-A/8 2 0779
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tr| AOABB6BX65 | AOABBEBX65_MYTGA AOABBEBX65 High mobility group protein B1 2 P0780
tr| AOABBBBXYS | AOASBEBXYS_MYTGA AOABBGBXYS Anaphase-promoting complex subunit 4-like WD40 domain 2 0781
tr| AOABB6BYA3 | AOASBEBYA3_MYTGA AOABB6BYA3 Protein LSM14 2 0782
tr| AOASB6BYL3 | AOABBEBYL3_MYTGA AOASBEBYL3 Translation initiation factor 4E 2 P0783
tr| AOABB6BYL7 | AOABBEBYL7_MYTGA AOABBEBYLT Lysine~tRNA ligase 2 0784
tr| AOABB6BYMS | AOABBEBYMS_MYTGA AOABB6BYMS Guanine nucleotide-binding protein G(O) subunit alpha 2 PO785
tr| AOABB6BZA9 | AOABBEBZAI_MYTGA AOABBGBZAI Apoptosisinhibitor 5 (Fragment) 2 P0786
tr| AOABB6BZUO | AOABB6BZUO_MYTGA AOABB6BZUO 265 proteasome regulatory subunit T3 2 0787
tr| AOABB6COJ3 | ADABBECOJ3_MYTGA AOABB6COJ3 Uncharacterized protein 2 P0788
tr| AOABB6C1EO | ADABBECLED_MYTGA AOABB6C1EQ Uncharacterized protein 2 0789
tr| AOABB6C284 | AOABB6C284_MYTGA AOABB6C284 Cytochrome ¢ oxidase subunit 5A, mitochondrial 2 0790
tr| AOABB6C383 | AOABB6C383_MYTGA AOABB6C383 Dynein axonemal heavy chain 2 P0791
tr| AOABB6C3A0 | AOABB6C3A0_MYTGA AOABB6C3A0 Eukaryotic translation initiation factor 4H 2 0792
tr] AOABB6C3HO | ADASBEC3HI_MYTGA AOABB6C3H9 Tubulin alpha chain 2 0793
tr| AOASB6C3Q2 | ADASBEC302_MYTGA AOABB6C3Q2 Perilipin-2 2 P0794
tr| AOABB6CABS | AOABB6CABS_MYTGA AOABB6CABS Twinfilin 2 0795
tr] AOABBECANS | ADASBECANS_MYTGA AOABBECANS protein-disulfide reductase 2 P0796
tr| AOABB6C514 | AOABB6CS14_MYTGA AOABB6C514 Kynurenine formamidase 2 P0797
tr| AOABB6C797 | AOABB6C797_MYTGA AOABB6C797 Thioredoxin domain-containing protein 17 2 0798
tr| AOABB6COP1|AOABBECOP1_MYTGA AOABB6COP1 Intraflagellar transport protein 56 2 P0799
tr| AOABB6CAL4 | AOABBECALA_MYTGA AOABB6CAL4 plectin-homology domai ining protein 2 P0800
tr| AOABB6CAB6 | AOABBECA66_MYTGA AOABB6CAG6 Protein kinase C and casein kinase substrate in neurons prote 2 0801
tr| AOABB6CAG7 | AOABBECA67_MYTGA AOABB6CAG7 Tetraspanin 2 P0802
tr| AOABBECAW3 | ADASBECAW3_MYTGA AOABB6CAW3 K Homology domain-containing protein 2 0803
tr| AOABB6CBN7 | AOASBECBN7_MYTGA AOABBECBN7 Uncharacterized protein 2 P0804
tr| ADABB6CBVO | AOABBGCBVO_MYTGA AOABBGCBVO ADP-ribosylation factor-like protein 8 2 P080S
tr| AOABB6CD17 | ADASBECD17_MYTGA AOASB6CD17 Uncharacterized protein 2 P0806
tr| AOABBECDDG | AOABBECDD6_MYTGA AOABB6CDDG Microtubule-associated protein Jupiter 2 P0807
tr| AOABB6CEO9 | ADABBECEO9_MYTGA AOABB6CEO9 Enoyl reductase (ER) domain-containing protein 2 P0808
tr| AOABB6CF20 | AOASBECF20_MYTGA AOABB6CF20 Uncharacterized protein 2 0809
tr| AOABB6CF89 | ADASBECF89_MYTGA AOABB6CF89 PID domain-containing protein 2 P0810
tr| AOABB6CFZ5 | AOABBGCFZ5_MYTGA AOABB6CFZS5 Calponin-homology (CH) domain-containing protein 2 PO811
tr| AOABB6CG13 | ADASBECG13_MYTGA AOABB6CG13 Histone deacetylase 2 P0812
tr| AOABB6CGI1|ADASBECGI1_MYTGA AOABB6CGI1 SUEL-type lectin domain-containing protein 2 P0813
tr| AOABB6CGB3 | ADABB6CGB3_MYTGA AOABB6CGB3 Rieske domain-containing protein 2 P0814
tr] AOABBECHI4 | ADASBECHI4_MYTGA AOABBECHI4 Cytochrome b-c1 complex subunit Rieske, mitochondrial 2 P0815
tr| AOABB6CIF3 | AOABBECIF3_MYTGA AOABBGCIF3 Y-box-binding protein 1 2 P0816
tr| AOABB6CIIO | AOABB6CIIO_MYTGA AOABBECIIO THO complex subunit 4 2 P0817
tr| AOABB6CID6 | AOASBECIDE_MYTGA AOABB6CIDG Eukaryotic translation initiation factor 3 subunit K 2 P0818
tr| AOABB6CK18 | AOABB6CK18_MYTGA AOABB6CK18 Protein transport protein SEC24 2 0819
tr] AOABB6CKCS | AOABBECKCB_MYTGA AOABB6CKC8 Translin-associated factor X-interacting protein 1 N-terminal 2 P0820
tr| AOABB6CKQQ | ADASBECKQI_MYTGA AOABB6CKQI EF-hand domain-containing protein 2 P0821
tr| AOABB6CLB1 | ADASBECLB1_MYTGA AOABB6CLB1 Collagen, typelV, alpha 2 P0822
tr| AOABB6CLGY | AOABBECLGI_MYTGA AOABB6CLGY Ubiquitin-conjugating enzyme E2 M 2 P0823
tr| AOASB6CLS4 | AOABBECLS4_MYTGA AOABB6CLSA COPS signalosome complex subunit 4 (Fragment) 2 P0824
tr| AOABBECMF8 | AOABBECMF8_MYTGA AOABBECMF8 Steroid 17alph 17alpha-hydroxyprog 2 P0825
tr| AOABBECN16 | ADASBECN16_MYTGA AOABBECN16 Sorting nexin-3/12 2 P0826
tr| AOABBGECNVA | ADABBECNVA_MYTGA AOABBGCNVA Kyphoscoliosis peptidase 2 P0827
tr| AOABB6CPPO | AOABBECPPO_MYTGA AOABB6CPPO Protocadherin Fat 4 2 P0828
tr| AOABBCPR1 | AOABBECPRI_MYTGA AOABBECPRL Aurorakinase 2 P0829
tr| AOABBECPW3 | ADASBECPW3_MYTGA AOABB6CPW3 VWFA domain-containing protein 2 P0830
tr| AOABB6CQY3 | AOABBECQY3_MYTGA AOABB6CQY3 Protein transport protein SEC61 subunit alpha 2 P0831
tr| AOABB6CSCS | ADASBECSCS_MYTGA AOABB6CSCS Beta-glucosidase 2 P0832
tr| AOABB6CSES | AOABBGCSES_MYTGA AOABB6CSES Fumarate hydratase, class| (Fragment) 2 P0833
tr| AOABB6CTBS | AOASBECTBS_MYTGA AOABB6CTBS Ras-related protein Rab-6A 2 P0834
tr| ADABB6CUL3 | AOABBECUL3_MYTGA AOABB6CUL3 protein-serine/threonine phosphatase 2 P0835
tr| AOABBECUPO | ADASBECUPO_MYTGA AOABB6CUPO Aspartyl aminopeptidase 2 P0836
tr| AOABBECVAG | AOABBECVAG_MYTGA AOABBECVAG Membrane- progesterone receptor 2 P0837
tr| ADABBECVW2 | ADABBECVW2_MYTGA AOABB6CVW2 40S ribosomal protein 527 2 P0838
tr] AOABBECWIS | ADASBECWIS_MYTGA AOABBECWIS Tyrosine-protein phosphatase non-receptor type 11 2 P0839
tr| AOABBECWL2 | AOABBECWL2_MYTGA AOABBECWL2 Transgelin 2 P0840
tr| AOABBECWV3 | ADASBECWV3_MYTGA AOABB6CWV3 Band 7 domain-containing protein 2 0841
tr] AOABBECWY2 | AOABBECWY2_MYTGA AOABBECWY2 mitogen-activated protein kinase kinase 2 P0842
tr| AOASBGCXAO | AOABBECXAO_MYTGA AOABBECXAD ATP-binding cassette, subfamily F, member 2 2 P0843
tr| AOABB6CXP9 | AOABBECXPI_MYTGA AOABB6CXPY Transgelin 2 P0844
tr| AOABB6CXZ8 | AOABBECXZ8_MYTGA AOABB6CXZ8 Ciliary microtubule inner protein 2C 2 P084S
tr| ADABB6CYK1 | ADABBECYK1_MYTGA AOABB6CYK1 Proteasome subunit alpha type 2 P0846
tr| AOABB6CZ75 | AOASBECZ75_MYTGA AOABB6CZ75 Tetratricopeptide repeat protein 29 2 P0847
tr| AOABBED1EO | AOABBED1EO_MYTGA AOABBED1EQ Uncharacterized protein 2 P0848
tr| AOABB6D2QJ | AOABB6D2Q9_MYTGA A0A8B6D2Q9 £3 ubiquitin-protein ligase HUWEL 2 P0849
tr| AOABBED2W1 | AOABBED2W1_MYTGA AOABBED2W1 g nuclear ri in A1/A3 2 P0850
tr| AOA8B6D2Y9 | AOABBED2Y9_MYTGA AOA8BED2Y9 RNA-binding protein Musashi 2 P0851
tr| AOABB6D317 | AOABBED3I7_MYTGA AOABB6D3I7 Protein NDRG3 2 P0852
tr| AOABB6D420 | ADASBEDA20_MYTGA AOA8B6DA20 Mitochondria-eating protein C-terminal domain-containing 2 P0853
tr| AOABB6DADI | AOABBEDADI_MYTGA AOABB6DADI Acid ceramidase 2 PO854
tr| AOABB6DALA | AOABBEDALA_MYTGA AOASB6DALA NADH dehydrogenase [ubii 1beta subu 2 PO8SS
tr| AOABB6DS21 | ADASBEDS521_MYTGA AOABBED521 DUF4201 domain-containing protein (Fragment) 2 PO856
tr| AOABB6DS57 | ADABBED557_MYTGA AOABB6DS57 Nucleolar protein 58 (Fragment) 2 PO857
tr| AOABB6DSD3 | AOABBEDSD3_MYTGA AOA8B6DSD3 peptidylprolyl isomerase 2 P08S8
tr| AOABB6DSQS | ADABBED5Q5_MYTGA AOA8BED5QS5 Symplekin 2 P0859
tr| AOABB6D8N2 | AOABBEDEN2_MYTGA AOABB6DEN2 Integrin beta 2 P0860
tr| AOABB6DIE1 | ADASBEDI61_MYTGA AOABBED961 405 ribosomal protein 512 2 PO861
tr| AOASB6DIQS | ADASBEDIQS_MYTGA A0A8B6DIQS Serine/arginine-rich splicing factor 2 2 P0862
tr| AOABB6DBVO | ADASBEDBVI_MYTGA AOABBEDBVY Caspase 7 2 P0863
tr| AOABBEDBX9 | ADASBEDBX9_MYTGA AOABBEDBX9 DnaJ homolog subfamily B member 13 2 P0864
tr| AOABB6DCS1 | AOABBEDCS1_MYTGA AOABB6DCS1 Annexin 2 PO86S5
tr| AOABB6DEL1 | AOABBEDELL_MYTGA AOASBEDELL Phosphoacetylglucosamine mutase 2 P0866
tr| AOABBEDES1 | AOASBEDES1_MYTGA AOABBEDES1 M 1 2 P0867
tr| AOABBEDEUG | AOASBEDEUG_MYTGA AOABBEDEUG PremRNA-processing factor 19 2 P0868
tr| AOABB6DEX3 | AOABBEDEX3_MYTGA AOABBEDEX3 Replication factor A protein 1 2 P0869
tr| AOABBEDGUA | AOABBEDGU4_MYTGA AOASBEDGU4 Dynein regulatry complex protein 1 2 P0870
tr| AOABBEDHIS | AOABBEDHI5_MYTGA AOABBEDHIS Arachidonate 5-lipoxygenase 2 0871
tr] AOABBEDHMS | AOABBE DHM6_MYTGA AOABBEDHME Methyltransferase domain-containing protein 2 P0872
tr| AOABBEDHUS | AOABBEDHUS_MYTGA AOABB6DHUY Integrin-linked kinase 2 P0873
tr| AOABB6DIR2 | AOABBEDIR2_MYTGA AOABB6DIR2 Solute carrier family 25 (Mitochondrial carnitine/acylcarnit| 2 P0874
tr| AOABB6DIV6 | AOASBEDIVE_MYTGA AOABBEDIV6 ypeptide N- inyltransfer 2 PO875
tr| AOABBEDK78 | ADABBEDK78_MYTGA AOABBEDK78 Uncharacterized protein 2 P0876
tr| AOABBEDKES | AOABBEDKES_MYTGA AOABBEDKES Peptidase M14 carboxypeptidase Adomain-containing prot: 2 P0877
tr| AOABB6DLG3 | AOASBEDLG3_MYTGA AOABBEDLG3 Alanine-glyoxylate aminotransferase 2 P0878
tr| AOABBEDMV7 | AOASBEDMV7_MYTGA AOABBEDMV7 Cilia-and flagella-associated protein 70 2 0879
tr] AOABBEDMYO | AOABBEDMYO_MYTGA AOABBEDMYO Uncharacterized protein 2 0880
tr| AOASBEDN24 | AOABBEDN24_MYTGA AOASBEDN24 Uncharacterized protein 2 P0881
tr| AOABBEDNKS | AOABBEDNKS_MYTGA AOABBEDNKS Eukaryotic translation initiation factor 2 subunit 1 2 0882
tr] AOABBEDNNS | AOABBEDNNS_MYTGA AOABBEDNNS UDP-N-acetylglucosamine diphosphorylase 2 P0883
tr| AOABBEDP64 | ADABBEDP64_MYTGA AOABBEDP64 glutathione transferase 2 P0884
tr| AOABBEDPBO | ADASBEDP8O_MYTGA AOABBEDPSO 3-hydroxyi yI-CoA hydrolase, mi ial 2 P088S
tr| AOABBEDQA2 | ADABBEDQ42_MYTGA AOABB6DQ42 C-type lectin domain-containing protein 2 P0886
tr| AOABB6DQL6 | AOABBEDQL6_MYTGA AOABB6DQL6 Enolase 2 0887
tr] AOABBEDQMS | AOABBEDQM6_MYTGA AOABBEDQME Phosphotransferase 2 P0888
tr| AOA8B6DQZ1 | AOASB6DQZ1_MYTGA AOA8B6DQZ1 Serine/threonine-protein kinase SIK2 2 P0889
tr| AOABB6DR67 | AOABBEDR67_MYTGA AOABBEDR67 Uncharacterized protein 2 0890
tr| AOABBEDTXO | AOABBEDTXO_MYTGA AOABBEDTXO Rootletin 2 P0891
tr| AOABB6DU33 | AOABBEDU33_MYTGA AOA8B6DU33 Glutathione reductase 2 P0892
tr| AOABBEDVD | AOABBEDVDY_MYTGA AOA8B6DVDI g nuclear ri inL 2 P0893
tr| AOABBEDWZ2 | AOASBEDWZ2_MYTGA AOABBEDWZ2 Tumor necrosis factor ligand superfamily member 10 2 P0894
tr| AOABBEDX45 | AOABBEDX4S_MYTGA AOABBEDX45 Cathepsin L 2 P089S
tr| AOABBEDX8S5 | AOASBEDX85_MYTGA AOABBEDX85 DNA (cytosine-5)}-methyltransferase 2 P0896
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tr| AOABBEDYS7 | AOABBEDYS7_MYTGA AOABBEDYS7 Flap endonuclease-1 (Fragment) 2 P0897
tr| AOABB6DYCS | AOABBEDYCB_MYTGA AOABB6DYC8 SMB domain-containing protein 2 P0898
tr| AOABB6EO23 | AOASBEE023_MYTGA AOABB6E023 Elongation factor 1-delta 2 P0899
tr| AOASBGEOIS | AOABBEEOIS_MYTGA AOABBGEOIS Uncharacterized protein 2 P0900
tr| AOABBGELIS | AOASBGELIS_MYTGA AOABGELIS €S domain-containing protein 2 P0901
tr| AOABB6ELP9 | AOASBEE1P9_MYTGA AOABBGE1P9 layer 1-like pi 2 P0902
tr| AOABBGELT2 | AOABBGELT2_MYTGA AOABBGELT2 BTB domain-containing protein 2 P0903
tr| AOABB6E240 | AOASBEE240_MYTGA AOABB6E240 Vacuolar proton pump subunit B (Fragment) 2 P0904
tr| AOABB6E2AS | AOASBEE2AS_MYTGA AOABB6E2A8 COP9 signalosome complex subunit 2 (Fragment) 2 P0905
tr| AOABBGE381 | ADASBEE381_MYTGA AOABBGE381 C-type lectin domain-containing protein 2 P0906
tr| AOABB6E3A2 | AOASBEE3A2_MYTGA AOABB6E3A2 Translocon-associated protein subunit beta 2 P0907
tr| AOABBGE3S0 | AOABBGE3S0_MYTGA AOABBGE3S0 Profilin 2 P0908
tr| AOABB6ES60 | AOABBEES60_MYTGA AOABBGES60 Chitinase (Fragment) 2 P0909
tr| AOABB6ESS3 | AOASBEE6S3_MYTGA AOABB6ESS3 Uncharacterized protein 2 0910
tr| AOASBGE7EQ | AOABBGE7E0_MYTGA AOABBGE7ED Uncharacterized protein 2 P0911
tr| AOABBGESIS | AOABB6ESIS_MYTGA AOABBGESIS Trypsin 2 0912
tr| AOABB6E9 10 | AOASBEEI10_MYTGA AOABB6E910 Metalloendopeptidase (Fragment) 2 P0913
tr| AOABBGE978 | ADASBEEI78_MYTGA AOABBGE978 Heat shock 70kDa protein 1/8 2 P0914
tr| AOABB6EAG3 | AOASBEEA63_MYTGA AOABBGEA63 Largeribosomal subunit protein ul22 2 P0915
tr| AOABBGEALS | AOABBGEALS_MYTGA AOABBGEALS F-actin-capping protein subunit beta 2 P0916
tr| AOABBGEBOS | AOASBEEBIS_MYTGA AOABBGEBIS Acidic leucine-rich nuclear phosphoprotein 32 family memt 2 0917
tr| AOABB6EDAL | AOABBEEDAL_MYTGA AOASBGEDAL ER membrane protein complex subunit 4 2 0918
tr| AOASBGEEH7 | ADABBEEEH7_MYTGA AOABBEEEH7 Eukaryotic translation initiation factor 3 subunit D 2 P0919
tr| AOABBGEEW? | AOABBEEEW7_MYTGA AOABBGEEW? Ganglioside GM2 activator 2 0920
tr| AOABBGEFO6 | AOABBGEFO6_MYTGA AOABBGEFO6 Electron transfer flavoprotein-ubiqui tase (F 2 P0921
tr| AOABBGEFLG | AOABB6EFL6_MYTGA AOABBGEFL6 CUB domain-containing protein 2 P0922
tr| AOABB6EG22 | AOABB6EG22_MYTGA AOABB6EG22 p24 family protein delta-1 2 0923
tr| AOABBGEG7S | AOABBGEG75_MYTGA AOABBGEG7S ATP receptor 2 0924
tr| AOABBGEGAG | AOABBEEGAG_MYTGA AOABBGEGAG Serine/threonine-protein phosphatase 28 regulatory subuni 2 P0925
tr| AOABB6EGAS | AOABBEEGAS_MYTGA AOABBGEGAS Selenoprotein W-related protein 2 P0926
tr| AOABBGEGG6 | AOASBEEGGE_MYTGA AOABBGEGGE Myticin Aprotein 2 P0927
tr| AOABBGEGXS | AOABBEEGXS_MYTGA AOABBGEGXS Blast:Synaptogenesis protein syg-2 2 0928
tr| AOABB6EHO1 | AOABBEEHO1_MYTGA AOABBGEHO1 CUB domain-containing protein 2 0929
tr| AOASBGEHZ2 | AOABBEEHZ2_MYTGA AOASBEEHZ2 Uncharacterized protein 2 P0930
tr| AOABBGEISS | AOABBGEISS_MYTGA AOABGEISS Apolipoprotein D 2 0931
tr| AOABBGEIEL | AOABBGEIEL_MYTGA AOABBGEIEL Large ribosomal subunit protein eL6 2 P0932
tr| AOABBGEIMS | AOABBGEIMB_MYTGA AOABBGEIM8 omega-amidase 2 P0933
tr| AOABB6EK28 | AOASBEEK28_MYTGA AOABB6EK28 5'nucleotidase 2 0934
tr| AOABBGEKHO | AOABBEEKHI_MYTGA AOABBGEKHI Cullin4 2 P0935
tr| AOABBGEKI7 | AOABBGEKI7_MYTGA AOABBGEKI7 Proto-oncogene C-crk 2 P0936
tr] AOABBBEKXS | AOASBEEKXS_MYTGA AOABBGEKXS RibonucleaseZ 2 0937
tr| AOASBGELPY | AOABBGELPI_MYTGA AOABBGELPY Guanylate kinase (Fragment) 2 P0938
tr| AOABBGEP64 | ADASBEEP64_MYTGA AOABBGEP64 Integrin alpha 6 2 0939
tr| AOABBGEPD | AOABBEEPDI_MYTGA AOABBGEPDY Apextrin C-terminal domain-containing protein 2 P0940
tr| AOASBGEPH2 | AOABBEEPH2_MYTGA AOASBEEPH2 Cullin 3 2 P0941
tr| AOABBGEPPO | AOASBEEPPO_MYTGA AOABBGEPPO Calpain catalytic domain-containing protein 2 0942
tr| AOABBGEPU2 | AOABBEEPU2_MYTGA AOABBGEPU2 Secreted protein 2 P0943
tr| AOABBGES39 | AOABBGES39_MYTGA AOABBGES39 Uncharacterized protein 2 P0944
tr| AOABB6ES98 | AOABBGESIS_MYTGA AOABBGES98 Adenosine kinase 2 P0945
tr| AOABBGET84 | AOABBGET84_MYTGA AOABBGETS4 SUMO-activating enzyme subunit 2 P0946
tr| AOABBGETAO | AOABBGETAO_MYTGA AOABBGETAQ SCP domain-containing protein 2 0947
tr| AOABBGETVS | AOABBGETVS_MYTGA AOABBGETVS Uncharacterized protein 2 0948
tr| AOASBGETX6 | AOABBGETX6_MYTGA AOABBGETX6 Plasminogen activator inhibitor 1 RNA-binding protein (Frag 2 P0949
tr| AOABBGEVB3 | AOASBEEVB3_MYTGA AOABBGEVB3 Speckle targeted PIPSK1A-egulated poly(A) polymerase 2 0950
tr| AOABBEEWX3 | AOABBEEWX3_MYTGA AOABBEEWX3 Phosphoribosylfor inamidi h 2 P0951
tr| AOABBGEX80 | AOABBEEX80_MYTGA AOABBGEX80 Formyltetrahydrofolate dehydrogenase 2 P0952
tr| AOABBGEXLO | AOABBGEXLY_MYTGA AOABBBEXLY NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subl 2 P0953
tr| AOABBGEXN2 | AOABBEEXN2_MYTGA AOABBGEXN2 RNAhelicase 2 P0954
tr| AOABBGEZW6 | AOABBEEZW6_MYTGA AOABBGEZW6 Cilia-and flagella-associated protein 45 2 P0955
tr| AOABB6FO80 | AOASBEFO80_MYTGA AOABB6FO80 CcNoTL 2 P0956
tr| AOABB6F1B6 | AOASB6F1B6_MYTGA AOABB6F1B6 Cadherin EGF LAG seven-pass G-type receptor 1 2 P0957
tr| AOABB6F3H7 | AOABB6F3H7_MYTGA AOABB6F3H7 Cilia-and flagella-associated protein 161 2 P0958
tr| AOABB6F3Y2 | AOABBGF3Y2_MYTGA AOABB6F3Y2 cysteine~tRNA ligase 2 P0959
tr| AOASBGFAR8 | AOABBEFARE_MYTGA AOA8BEFARS Ig-like domain-containing protein 2 P0960
tr| AOABBGFSI3 | AOASBEFSI3_MYTGA AOABBGF5I3 Uncharacterized protein 2 P0961
tr| AOABB6F603 | AOASBEF603_MYTGA AOABB6FE03 Golgi phosphoprotein 3 2 P0962
tr| AOABB6F6Q8 | AOABBEF6Q8_MYTGA AOABB6F6Q8 Ig-like domain-containing protein 2 P0963
tr| AOABB6F6S8 | AOABBEF6S8_MYTGA AOABB6F6S8 Uncharacterized protein 2 P0964
tr| AOABBEFET3 | AOABBEF6T3_MYTGA AOABB6FET3 Serine/threonine-protein phosphatase 2 P096S5
tr| AOABB6F781 | ADASB6F781_MYTGA AOABB6F781 acetyl-CoA C-acetyltransferase 2 P0966
tr| AOABB6F710 | AOASBEF710_MYTGA AOABBGF710 Nuclear pore complex protein Nup210 2 P0967
tr| AOASBGFENG | AOABBEFENE_MYTGA AOABBGFBNG Cytoplasmic FMR1-interacting protein 2 P0968
tr| AOABB6F900 | AOABBEFI00_MYTGA AOABB6F900 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subl 2 P0969
tr| AOABB6F906 | AOASBEFI06_MYTGA AOABB6F906 Dehydrogenase/reductase SDR family member 4 2 P0970
tr| AOABB6F942 | ADABBEF942_MYTGA AOABB6F942 RNA-binding protein 4 2 P0971
tr| AOABB6FIE7 | AOABBEFOE7_MYTGA AOABBGFIET Largeribosomal subunit protein eL22 2 0972
tr| AOABB6FIL7 | AOABBEFIL7_MYTGA AOABB6FILT Translation initiation factor 2 subunit 3 2 P0973
tr| AOABB6FIMA | AOABBEFIMA_MYTGA AOABB6FIMA Glycoside hydrolase family 38 N-terminal domain-containin 2 0974
tr| AOABB6FAB2 | AOASBEFAS2_MYTGA AOABB6FAS2 tRNA (Cytosine34-C5)- ase (Fragment) 2 P0975
tr| AOABBGFAQI | AOABEFAQY_MYTGA AOASBEFAQY Cytosolic nonspecific dipeptidase 2 P0976
tr| AOABB6FBRI | ADASBEFBRI_MYTGA AOABBGFBRI Proteasomal ubiquitin receptor ADRM1 2 P0977
tr| AOABB6FBZ7 | AOABBEFBZ7_MYTGA AOABB6FBZ7 RIB43Aike with coiled-coils protein 2 2 P0978
tr| AOABB6FCA3 | ADASBEFCA3_MYTGA AOABBGFCA3 Uncharacterized protein (Fragment) 2 P0979
tr| AOABB6FCP3 | AOASBEFCP3_MYTGA AOABBGFCP3 Ubiquitin-like domain-containing protein 2 0980
tr| AOABB6FD54 | AOABBFD54_MYTGA AOABB6FDS4 DnaJ homolog subfamily C member 13 2 P0981
tr| AOABB6FD77 | AOABB6FD77_MYTGA AOABBGFD77 Uncharacterized protein 2 P0982
tr| AOABB6FDI6 | AOABB6FDI6_MYTGA AOABB6FDI6 P domain-containing protein 2 0983
tr| AOABB6FDJ | AOABBEFDI9_MYTGA AOABB6FDI9 Cilia-and flagella-associated protein 77 2 P0984
tr| AOABB6FDL4 | AOASBEFDLA_MYTGA AOABBGFDL4 peptidylprolyl isomerase 2 P098S
tr| AOABB6FEK6 | AOABBGFEKE_MYTGA AOABBGFEK6E Uncharacterized protein 2 P0986
tr| AOABBGFF49 | AOABBEFF49_MYTGA AOABBEFFA9 Uncharacterized protein 2 P0987
tr| AOABB6FFK3 | AOABBGFFK3_MYTGA AOABBGFFK3 Uncharacterized protein 2 0988
tr| AOABB6FGB3 | AOABBEFGB3_MYTGA AOABB6FGB3 Collagen, typell, alpha 2 P0989
tr| AOABB6FGG3 | ADABBEFGG3_MYTGA AOABBGFGG3 WSC domain-containing protein 2 P0990
tr| AOABB6FH33 | AOABB6FH33_MYTGA AOASB6FH33 Prominin 1 2 P0991
tr| AOABBEFHES | AOABBEFHE5_MYTGA AOABBEFHSS Valacyclovir hydrolase 2 P0992
tr| AOABB6FI72 | AOABB6FI72_MYTGA AOABBG6F)72 Glycerol-3-phosphate dehydrogenase 2 0993
tr| AOABB6FK68 | AOASBEFK68_MYTGA AOABB6FK68 Xylose isomerase 2 0994
tr| AOABBEFKXS | AOASBEFKXS_MYTGA AOABBEFKXS pyridoxal 5 h i y 2 P0995
tr| AOABB6FKZ1 | AOABBGFKZ1_MYTGA AOABBGFKZ1 Uncharacterized protein 2 P0996
tr| AOABB6FKZ3 | AOABBGFKZ3_MYTGA AOABB6FKZ3 Amidase 2 P0997
tr| AOASBGFLWS| ADASBEFLWE_MYTGA AOASBEFLWS Choline dehydrogenase 2 P0998
tr| AOABB6FMA8 | AOABBEFMA48_MYTGA AOABB6FMA8 Ras-related protein Rab-11A 2 P0999
tr| AOABB6FMS2 | ADABBEFMS2_MYTGA AOABB6FMS2 dynamin GTPase 2 1000
tr| AOABBGFMUO | AOABBGFMUO_MYTGA AOABBGFMUO OCIAdomain-containing protein 2 P1001
tr| AOABB6FNO7 | AOABBEFNO7_MYTGA AOABBGFNO7 Dynein heavy chain, axonemal 2 1002
tr| AOABBGFNK2 | AOABBEFNK2_MYTGA AOABBEFNK2 Protein SCO1/2 2 P1003
tr| AOABB6FP69 | AOABBEFP69_MYTGA AOABB6FP69 Uncharacterized protein 2 1004
tr| AOABB6FP77 | AOASBEFP77_MYTGA AOABB6FP77 Intraflagellar transport protein 88 2 1005
tr| AOABBGFPN2 | AOABBEFPN2_MYTGA AOABBGFPN2 Fucolectin in-4 p 1 domain- ing prc 2 P1006
tr| AOASB6FQQ2 | AOASB6FQQ2_MYTGA AOASB6FQQ2 Cleavageand polyadenylation specificity factor subunit 3 2 1007
tr| AOABB6FQQ4 | ADASBEFQQ4_MYTGA AOABB6FQQ4 Tudor domain-containing protein 1/4/6/7 2 1008
tr| AOABB6FQS1 | ADABBEFQS1_MYTGA AOA8BEFQS1 Matrix metalloproteinase-14 (Membrane-inserted) 2 P1009
tr| AOABB6FRC2 | AOASBEFRC2_MYTGA AOABBGFRC2 Phosphoinositide phospholipase C 2 1010
tr| AOABBGFRFS | AOABBGFRF5_MYTGA AOABBGFRFS Peptidyl-prolyl cis-trans isomerase 2 P1011
tr| AOABBGFSK2 | AOABBGFSK2_MYTGA AOABB6FSK2 Uncharacterized protein 2 P1012
tr| AOABB6FSL1 | AOABB6FSLL_MYTGA AOABB6FSL1 C1q domain-containing protein 2 1013
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tr| AOABBEFSW2 | ADABBEFSW2_MYTGA AOABBEFSW2 ADF-H domain-containing protein 2 P1014
tr| ADASB6FT25 | ADA8B6FT25_MYTGA AOA8B6FT25 Profilin 2 P1015
tr| AOABB6FUS2 | AOASBEFUS2_MYTGA AOABB6FUS2 Succinyl-CoA:3-ketoacid-coenzyme Atransferase 2 P1016
tr| ADABB6FV)7 | ADABBEFVI7_MYTGA AOA8BEFVI7 Aminomethyltransferase 2 P1017
tr| AOABB6FVV4 | ADASBEFVVA_MYTGA AOABBGFVV4 2-oxoisovalerate dehydrogenase subunit alpha 2 1018
tr| AOABBEFWO2 | AOABBEFWO02_MYTGA AOABBEFWO02 Uncharacterized protein 2 P1019
tr|ADABB6FWT3 | AOABBEFWT3_MYTGA AOASBEFWT3 Inositol 1,4,5-trisphosphate receptor 2 P1020
tr| AOABBEFWTO | AOABBEFWTI_MYTGA AOABBEFWTI NADH dehydrogenase [ubiquinone] 1 beta subcomplex subu 2 1021
tr| AOABBEFYM?7 | AOASBEFYM7_MYTGA AOABBEFYM?7 Dynein regulatory complex protein 10 2 P1022
tr| AOASB6FYMI | AOABBEFYMI_MYTGA AOA8BEFYMS Histone chaperone ASF1 2 P1023
tr| AOABB6FZ88 | AOABBGFZ88_MYTGA AOABB6FZ88 Pantetheine hydrolase 2 1024
tr| AOABB6FZA3 | AOABBEFZA3_MYTGA AOABB6FZA3 Serpin domain-containing protein 2 P1025
tr| AOA8B6FZN1 | AOASBEFZN1_MYTGA AOA8B6FZN1 Ras-related protein Rab-3C 2 P1026
tr| AOABB6GOT4 | AOABB6GOTA_MYTGA AOABB6GOT4 Ras homolog gene family, member A 2 1027
tr| AOA8B6G107 | AOASBEG107_MYTGA AOABB6G107 Phosphoglycerate kinase 2 P1028
tr| AOABB6G1QS | AOABB6G1Q5_MYTGA AOABB6G1QS Uncharacterized protein 2 1029
tr| AOABB6G2EO | AOABBEG2EO_MYTGA AOABB6G2E0 dium/potassium-transporting ATPase subunit beta 2 1030
tr| ADA8B6G316 | ADA8B6G316_MYTGA AOA8B6G316 RNA helicase 2 P1031
tr| AOABB6GAH2 | AOABBEGAH2_MYTGA AOABB6GAH2 Leucine-rich repeat-containing protein 23 2 1032
tr| AOABB6GANO | AOABBEGANO_MYTGA AOABB6GANO 265 proteasome regulatory subunit N§ 2 P1033
tr| AOA8B6GAR4 | AOABB6GAR4_MYTGA AOA8B6G4R4A Adenosylhomocysteinase 2 P1034
tr| AOABB6G6D6 | AOABBEGED6_MYTGA AOABB6G6D6 Protein ATP6VIFNB 2 P1035
tr| ADABB6GGH2 | AOABBEGEH2_MYTGA AOABB6GEH2 Beta-galactosidase (Fragment) 2 P1036
tr| AOABB6G6K2 | ADABBEGEK2_MYTGA AOABB6GEK2 dual-specificity kinase 2 1037
tr| AOABB6G6L1 | AOABBEG6L1_MYTGA AOABB6G6LL Fibrinogen C-terminal domain-containing protein 2 P1038
tr|ADA8B6G795 | ADA8B6G795_MYTGA AOA8BE6G795 Uncharacterized protein 2 P1039
tr| AOABB6G7F6 | AOABB6G7F6_MYTGA AOABB6G7F6 Galectin 2 1040
tr| AOABB6G715 | ADASBEG7)5_MYTGA AOABB6G7)5 Large ribosomal subunit protein ul13 2 P1041
tr| AOASB6G8E2 | AOA8B6GBE2_MYTGA AOA8B6G8E2 ATP-dependent DNA helicase 2 subunit 1 2 P1042
tr| AOABB6GIA1 |ADASBEGI41_MYTGA AOABB6GI41 Ras-related protein Rab-35 2 1043
tr| AOABB6GIU4 | ADABBEGOU4_MYTGA AOABB6GOU4 Sulfotransferase domain-containing protein 2 P1044
tr| ADA8B6GB56 | AOASB6GBS56_MYTGA AOA8B6GB56 Sulfotransferase domain-containing protein 2 P1045
tr] AOABB6GCK2 | ADASBEGCK2_MYTGA AOABB6GCK2 Serine/threonine-protein kinase PLK 2 P1046
tr| AOABB6GF72 | AOA8B6GF72_MYTGA AOA8BEGF72 Vacuolar protein-sorting-associated protein 4 2 P1047
tr| AOABB6GFI1 | AOABBEGFI1_MYTGA AOABB6GFIL Tubulin-specific chaperone D 2 1048
tr| AOABB6GFL2 | AOASBEGFL2_MYTGA AOABB6GFL2 Uncharacterized protein 2 P1049
tr| ADA8B6GG39 | ADABB6GG39_MYTGA AOA8BEGG39 Aldose 1-epimerase 2 P1050
tr| AOABB6GGE1 | ADASBEGGEL_MYTGA AOABB6GGEL Large subunit ribosomal protein L23Ae 2 P1051
tr| AOABB6GGI6 | AOASBEGGIE_MYTGA AOABB6GGI6 P domain-containing protein 2 P1052
tr| AOA8B6GHHO | AOABB6GHHO_MYTGA AOA8B6GHHO 2ZP domain-containing protein (Fragment) 2 P1053
tr| AOABB6GI21|AOABBEGI21_MYTGA AOABB6GI21 Acetyl-CoA carboxylase / biotin carboxylase 1 2 P1054
tr| ADABB6GIDS | AOABBEGIDS_MYTGA AOABB6GIDS Uncharacterized protein 2 P1055
tr| AOABB6GILG | AOABB6GILE_MYTGA AOABB6GIL6 Protein kinase A 2 P1056
tr| AOABB6GIP4 | AOABBEGIP4_MYTGA AOABB6GIP4 galactokinase 2 P1057
tr| AOABB6GIK9 | ADASBEGIKI_MYTGA AOABB6GIKI Dynein intermediate chain 1, axonemal 2 P1058
tr| AOABB6GJP2 | AOASBEGIP2_MYTGA AOABB6GIP2 F-box protein 36 2 1059
tr] AOABBEGKDG | AOABBEGKD6_MYTGA AOABB6GKDS Adenylate kinase 2 P1060
tr| AOA8B6GKF6 | AOA8B6GKF6_MYTGA AOA8BEGKF6 Protein lin-7 homolog 2 P1061
tr] AOABB6GKP7 | AOASBEGKP7_MYTGA AOABBEGKP7 Tubulin beta chain 2 P1062
tr| AOABB6GLSS | AOABB6GLS5_MYTGA AOABB6GLSS I Iyoxyl inase/ (R)-3 ylprog 2 P1063
tr| AOA8B6GMP6 | AOABB6EGMPE_MYTGA AOA8BEGMPE Epidermal growth factor receptor kinase substrate 8 2 P1064
tr| AOABBEGNS8 | AOABBEGNSS_MYTGA AOABB6GNSS 265 proteasome regulatory subunit N& 2 P1065
tr| AOABB6GN74 | AOABB6EGN74_MYTGA AOA8BEGN74 Cathepsin F 2 P1066
tr| AOABB6GPF1|AOASB6GPF1_MYTGA AOA8B6GPF1 265 proteasome non-ATPase regulatory subunit 6 (Fragment 2 P1067
tr| AOABB6GQ1S5 | AOABB6GQ15_MYTGA AOABB6GQ1S Kelch-like protein 1/4/5 2 P1068
tr| ADA8B6GQ68 | ADABB6GQ68_MYTGA AOA8BEGQE8 C ly g protein 2 P1069
tr| AOABB6GQ82 | AOABB6GQB2_MYTGA AOABB6GQ82 Citratetransport protein 2 1070
tr| AOABB6GRO3 | AOASBEGRO3_MYTGA AOABB6GRO3 Blast:Protein FAM98A 2 P1071
tr| ADABB6GSA44 | AOA8B6GS44_MYTGA AOA8B6GS44 ER membrane protein complex subunit 1 2 P1072
tr| AOABBEGTWS | ADASBEGTWI_MYTGA AOABB6GTWS EF-hand domain-containing protein 2 1073
tr| AOABBEGUFO | AOASBEGUFO_MYTGA AOABB6GUFO Aconitate hydratase 2 P1074
tr| AOABB6GUP3 | ADABBEGUP3_MYTGA AOABB6GUP3 Dynein heavy chain 2, cytosolic 2 P1075
tr| AOABBEGUR4 | AOABBEGURA_MYTGA AOABBEGUR4 Tudor domain-containing protein 1/4/6/7 (Fragment) 2 P1076
tr| AOA8B6GVB7 | AOA8BEGVB7_MYTGA AOA8BEGVB7 DNA-directed RNA polymerase subunit beta 2 P1077
tr| AOABBEGXAO | ADASBEGXAO_MYTGA AOABBEGXAQ Ran-binding protein 3 2 1078
tr| AOABB6GXB1 | ADASBEGXBI_MYTGA AOABB6GXB1 Matrix metalloproteinase-14 (Membrane-inserted) 2 1079
tr| ADABB6GXN4 | ADABBEGXN4_MYTGA AOA8BEGXN4 Ubiquitin fusion degradation protein 1 2 P1080
tr| AOABB6GY64 | AOABB6GY64_MYTGA AOABB6GY64 Actin beta/gamma 1 2 P1081
tr| AOABB6GZ97 | AOABB6GZI7_MYTGA AOABB6GZ97 very-long-chain enoyl-CoA reductase 2 P1082
tr| AOA8B6GZT3 | AOASB6GZT3_MYTGA AOA8B6GZT3 Cysteine desulfurase 2 P1083
tr| AOABB6GZZ4 | AOASBEGZZ4_MYTGA AOABB6GZZ4 Thioredoxin-like fold domain-containing protein 2 1084
tr| AOA8B6HOZ6 | AOA8B6EHOZ6_MYTGA AOA8BEHOZ6 Myosin VI 2 P1085
tr| AOABB6H2X2 | AOABBEH2X2_MYTGA AOABBEH2X2 ATP synthase subunit e, mitochondrial 2 1086
tr| AOABBEHAAO | ADASBEHAAO_MYTGA AOABBEHAAD 3-hydroxyanthranilate 3,4-dioxygenase 2 P1087
tr| AOASB6HAS7 | AOA8BEHAS7_MYTGA AOA8BEH4S7 Protein phosphatase 1 regulatory subunit 7 2 P1088
tr| AOABB6HA4YE | AOABBEHAYE_MYTGA AOABBEHAYE Sepiapterin reductase 2 1089
tr| AOABBEHSB3 | AOASBEHSB3_MYTGA AOABBEHSB3 START domain-containing protein 2 P1090
tr| AOA8B6HSR0 | AOASBEHS5RO_MYTGA AOA8BEHSRO UspA domain-containing protein 2 P1091
tr| AOABB6H751 |ADASBEH751_MYTGA AOABBEH751 Protein disulfide isomerase family A, member 5 2 1092
tr| AOABBEH758 | AOASBEH758_MYTGA AOABBEH758 Poly [ADP-ribose] polymerase 2 P1093
tr| AOABB6H7GO | AOABBEH7GO_MYTGA AOABB6H7GO Uncharacterized protein 2 1094
tr| AOABB6HSE4 | AOABBEHBEA_MYTGA AOABBEHSE4 DNA replication licensing factor MCM3 2 P1095
tr| AOA8B6H8HI | AOABB6EH8HI_MYTGA AOA8BEH8HI Peroxin-19 2 P1096
tr| AOABB6HBV2 | ADASBEHBV2_MYTGA AOABBGHSV2 RanBP-type and C3HC4-type zinc finger-containing protein 1 2 1097
tr| AOABBEHSW7 | AOABBEH8W7_MYTGA AOABBEHBW7 Tripeptidyl-peptidase 2 2 1098
tr|ADA8B6H951|AOA8BEHI51_MYTGA AOA8BEHI51 Myosin VII 2 P1099
tr| AOABB6HIB9 | ADASBEHIBI_MYTGA AOABB6HI89 Nuclear protein localization protein 4 homolog 2 1100
tr| AOABBEHINT | AOASBEHIN7_MYTGA AOABBEHIN7 AP-3 complex subunit mu 2 P1101
tr| AOASB6HIY1 | AOABBEHIY1_MYTGA AOA8BEHIY1 small monomeric GTPase 2 P1102
tr] AOABBEHAFS | AOABBEHAFS_MYTGA AOABBEHAFS Dihydrolipoami a of pyruvate 2 P1103
tr| AOASB6HBDS8 | AOABB6HBD8_MYTGA AOA8BEHBD8 CSN12-like protein 2 P1104
tr| AOABB6HBIS | AOASB6HBI5_MYTGA AOA8BEHBIS Lipase domain-containing protein 2 P1105
tr] AOABBEHDMS | AOABBEHDMB_MYTGA AOABBEHDMS Phenylalanyl-tRNA synthetase beta chain 2 P1106
tr| AOA8B6EHDX7 | AOASB6HDX7_MYTGA AOA8BEHDX7 Dynein heavy chain tail domain-containing protein 2 P1107
tr| AOABBGHEAL | AOABBEHEAL_MYTGA AOASBGHEAL Uncharacterized protein 2 P1108
tr| AOABBEHENS | AOASBEHEN9_MYTGA AOABBGHEN9 alpha-L-fucosidase 2 P1109
tr| AOASBE6HEZ7 | AOABBEHEZ7_MYTGA AOA8BEHEZ7 Small nuclear ribonucleoprotein Sm D3 2 P1110
tr| AOABB6HF43 | AOABBEHF43_MYTGA AOABBGHF43 Protein transport protein SEC61 subunit beta 2 P1111
tr| AOABB6HG14 | ADASBEHG14_MYTGA AOABBEHG14 Importin-4 2 P1112
tr| AOABBGHIS2 | AOABBEHIS2_MYTGA AOABBGHIS2 14-3-3 protein epsilon 2 P1113
tr| AOABB6HIR4 | AOASBEHIRA_MYTGA AOABBGHIR4 Dynein light chain 2 P1114
tr| AOASBEH)S6 | AOABBEHISE_MYTGA AOABBGHISE Elongin-C 2 P1115
tr| AOABBGHLA9 | AOABBEHLA9_MYTGA AOABBGHLAY Ubiquitin-conjugating enzyme E2 L3 2 P1116
tr| AOABBEHLRG | AOABBEHLRE_MYTGA AOABBGHLRE Thioredoxin 2 P1117
tr| AOASBE6HLV6 | AOA8BEHLVE6_MYTGA AOA8BEHLVE Rho GDP-dissociation inhibitor 2 P1118
tr| AOABBEHLY7 | AOASBEHLY7_MYTGA AOABBEHLY? Uncharacterized protein 2 P1119
tr| AOABBEHMG6 | AOABBEHMG6_MYTGA AOABBEHMGE 4t i gena 2 P1120
tr| AOASB6HND2 | AOASBEHND2_MYTGA AOA8BEHND2 Ras-related protein Rab-1A 2 P1121
tr] AOABBEHNGS | AOABBEHNGS_MYTGA AOABBEHNGS proline-tRNA ligase 2 P1122
tr| AOABBEHNU7 | AOABBEHNU7_MYTGA AOABBEHNU7 VWFD domain-containing protein 2 P1123
tr| AOA8B6HNVS | ADASBEHNVS_MYTGA ADA8BBHNVS Uncharacterized protein 2 P1124
tr| AOABBEHPO7 | AOASBEHPO7_MYTGA AOABBEHPO7 Glycogenin glucosyltransferase 2 P1125
tr| AOASB6HP84 | AOA8BEHP84_MYTGA AOA8BEHP84 Phosphatidylinositol transfer protein 2 P1126
tr| AOABB6HP87 | AOASBEHP87_MYTGA AOABBEHPS7 NIPSNAP domain-containing protein 2 P1127
tr| AOABBEHPM6 | AOASBEHPME_MYTGA AOABBEHPMS6 Iron-binding zinc finger CDGSH type domain-containing pro 2 P1128
tr| AOASBE6HT71|AOA8BEHT71_MYTGA AOA8BEHT71 Uncharacterized protein 2 P1129
tr| AOABBGHTDS | AOASBEHTDS_MYTGA AOABBGHTDS Troponin | 2 P1130
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tr|B6ZCB1|B6ZCB1_MYTGA B6ZCB1 Large ribosomal subunit protein P2 2 P1131
tr| ESKXE3 | ESKXE3_MYTGA ESKXE3 Fibrinogen-related protein 2 P1132
tr|FOV449 | FOVA49_MYTGA FOV449 Putative C1q domain containing protein MgC1q12 2 P1133
tr|FOVAS58|FOVA58_MYTGA FOV458 Putative C1q domain containing protein MgC1q21 2 P1134
tr|FOVA64|FOVA64_MYTGA FOV464 Putative C1q domain containing protein MgC1q27 2 P1135
tr|FOV481|FOVA81_MYTGA Fova81 Putative C1q domain containing protein MgC1q44 2 P1136
tr|GOYL87 | GOYL87_MYTGA GOYL87 Apextrin-like protein 2 P1137
tr|GSDBW3|GSDBW3_MYTGA G5D8W3 fructose-bisphosphate aldolase (Fragment) 2 P1138
tr|NOE3R7 [NOE3R7_MYTGA NOE3R7 Enkurin 2 P1139
tr|U3GMA4S |U3GMA45_MYTGA U3GM45 17 beta-hydroxysteroid dehydrogenase 10 2 P1140
tr|VOPOM1|VIPIMI_MYTGA VOPIML MAP kinase p38-like protein 2 P1141
tr|WSXUS7 |W5XU87_MYTGA W5XU87 Toll interacting protein 2 P1142
tr| ADAOCSPIV4 | ADAOCSPIVA_MYTGA AOAOCSPIV4 Allograft inflammatory factor-1 1 P1143
tr] ADAOCSPIYO | ADAOCSPIYO_MYTGA AOAOCSPIYO TNFligand-like 1 1 P1144
tr| ADAOCSPRK9 | ADAOCSPRKI_MYTGA AOAOCSPRK9 MACPF domain-containing protein 7 1 P1145
tr| ADAOCSQ4H8 | ADAOC5Q4HE_MYTGA AOAOCSQ4H8 stimulator of interferon protein 1 1 P1146
tr| AOAOKOPV08 | AOAOKOPVOB_MYTGA AOAOKOPV08 Nacre apextrin-like protein 1 1 P1147
tr| ADAOKOYB43 | ADAOKOYB43_MYTGA AOAOKOYB43 Collagen-like protein-7 (Fragment) 1 P1148
tr| AOAOKOYBAS | AOAOKOYB4S_MYTGA AOAOKOYB4S Transgelin-like protein-2 1 P1149
tr| AOA126Q9B1 |ADA126Q9B1_MYTGA AOA126Q981 MG_CNOT3 1 P1150
tr| AOA140D251 | AOA140D251_MYTGA AOA140D251 €lF4G (Fragment) 1 P1151
tr| AOA140D252 | AOA140D252_MYTGA AOA140D252 Polyadenylate-binding protein 1 P1152
tr| ADA3LSTR4S | AOA3LSTRAS_MYTGA AOA3LSTRA5 cystathionine gamma-lyase (Fragment) 1 P1153
tr| AOASLSTRL? | AOA3LSTRL7_MYTGA AOA3LSTRL? Interferon-related developmental regulator N-terminal dom 1 P1154
tr| AOA3LSTS86 | ADA3L5TS86_MYTGA AOA3L5TS86 Ctype lectin domain-containing protein (Fragment) 1 P1155
tr| AOASLSTSE4 | ADA3LSTSEA_MYTGA AOA3LSTSE4 2-hydroxyacyl-CoAlyase 2 (Fragment) 1 P1156
tr| AOASLSTTKG | AOA3LSTTKE_MYTGA AOA3LSTTK6 Stomatin-like 2-like protein (Fragment) 1 P1157
tr| AOASLSTUU9 |AOA3LSTUU9_MYTGA AOA3LSTUU9 Apextrin C-terminal domain-containing protein (Fragment) 1 P1158
tr| AOA3LSTVI6 | ADA3LSTVI6_MYTGA AOA3LSTVI6 Tetratricopeptide repeat protein 38 (Fragment) 1 P1159
tr] AOA3RSSUI1 | ADA3RSSUIL_MYTGA AOA3RSSUIL D-dopachrome decarboxylase 1 P1160
tr| AOAG09VES9 | ADA4OIVESI_MYTGA AOA409V6S9 Uncharacterized protein (Fragment) 1 P1161
tr| ADAG10GSX6 | AOA410GSX6_MYTGA AOA410GSX6 D-dopachrome decarboxylase 1 P1162
tr| AOABB6BDYS | AOABBEBDYS_MYTGA AOABBEBDYS ubiquitinyl hydrolase 1 1 P1163
tr| AOASBGBF)2 | AOABB6BFI2_MYTGA AOABBEBFI2 GST N-terminal domain-containing protein 1 P1164
tr| AOABB6BFMS | AOABBEBFMS_MYTGA AOABB6BFMS Cell division control protein 42 1 P1165
tr| AOABB6BG31|ADASBEBG31_MYTGA AOABB6BG31 Ras homolog enriched in brain 1 P1166
tr| AOABB6BG61 | ADABBEBG61_MYTGA AOABB6BG61 ial import inner tr subunit 1 P1167
tr| AOABB6BGPS | AOASBEBGPS_MYTGA AOABBEBGPS Uncharacterized protein 1 P1168
tr| AOABBEBHI6 | AOABBEBHI6_MYTGA AOABBEBHI6 Uncharacterized protein 1 P1169
tr| AOABB6BHI8 | AOASBEBHI8_MYTGA AOABB6BHI8 Glucosidase 2 subunit beta 1 P1170
tr| AOABBEBHPS | AOASBEBHPS_MYTGA AOABBEBHPS BTB/POZ domain-containing protein 16 1 P1171
tr| AOASB6BHTO | AOABBEBHTO_MYTGA AOA8BEBHTO C1q domain-containing protein 1 P1172
tr| AOABB6BI43 | AOABB6BI43_MYTGA AOABB6BI43 Wiskott-Aldrich syndrome protein 1 P1173
tr| AOABBGBIF3 | AOASBEBIF3_MYTGA AOABBEBIF3 Signal recognition particle subunit SRP72 1 P1174
tr| AOABBGBIR1 | AOABB6BIRL_MYTGA AOABBGBIRL 2-0x0-4-hydroxy-4-carboxy-5 y 1 P1175
tr| AOABB6B63 | AOABBEBI63_MYTGA AOABB6BI63 Uncharacterized protein 1 P1176
tr| AOABB6BIB7 | AOABBEBIB7_MYTGA AOABB6BIS7 Epimerase family protein SDR39U1 1 P1177
tr| AOABB6BIL7 | AOABB6BIL7_MYTGA AOABB6BIL7 [ bS heme-binding d ining protein 1 P1178
tr| AOABB6BIMS | ADASBEBIME_MYTGA AOASBEBIMS NAD(P)H-hydrate epimerase 1 P1179
tr| AOABBEBIX7 | AOABBEBIX7_MYTGA AOABBEBIX7 Histone H1/5 1 P1180
tr| AOABB6BK20 | AOABB6BK20_MYTGA AOABB6BK20 Laminin G domain-containing protein 1 P1181
tr| AOABB6BKA3 | AOABBEBKA3_MYTGA AOABBEBKA3 Leucine-rich repeat-containing protein 16 1 P1182
tr| AOABB6BKCI | AOABBEBKCI_MYTGA AOABBEBKCI Spermidine synthase 1 P1183
tr| AOABB6BLO9 | AOASBEBLO9_MYTGA AOABB6BLO9 small ribosomal subunit protein es24 (Fragment) 1 P1184
tr| AOABB6BL13 | AOASBEBL13_MYTGA AOABBEBL13 Cilia-and flagella-associated protein 53 1 P1185
tr| AOABB6BL78 | AOASBEBL78_MYTGA AOABBGBL78 Outer membrane protein insertion porin family 1 P1186
tr| AOABBEBMLO | AOABBEBMLO_MYTGA AOA8B6BMLO Serine/arginine-rich splicing factor 2 1 P1187
tr| AOABBEBNH3 | AOABBEBNH3_MYTGA AOABBEBNH3 Prefoldin subunit 2 1 P1188
tr| AOABBEBNN2 | AOABBEBNN2_MYTGA AOABB6BNN2 histidine-tRNAligase 1 P1189
tr| AOABBEBNQA | AOABBEBNQA_MYTGA AOABB6BNQ4 CH-like domain-containing protein 1 1190
tr| AOABBEBNWS | AOABBEBNWS_MYTGA AOABBEBNWS AIG1-type G domain-containing protein 1 P1191
tr| AOABB6BPQ2 | AOASBEBPQ2_MYTGA AOASB6BPQ2 Minor histocompatibility antigen H13 1 P1192
tr| AOABB6BPW4 | ADASBEBPWA_MYTGA AOABBEBPWA DnaJ homolog subfamily C member 3 1 P1193
tr| AOASBGBPZ6 | ADABBEBPZ6_MYTGA AOA8BEBPZ6 Transmembrane 9 superfamily member (Fragment) 1 P1194
tr| AOABB6BQ7S | AOASBEBQ75_MYTGA AOA8B6BQ7S Band 7 domain-containing protein 1 P1195
tr| AOABB6BQB2 | AOASBEBOS2_MYTGA AOA8B6BQS2 5"AMP-activated protein kinase, regulatory beta subunit 1 P1196
tr| AOABB6BQB2 | ADASBEBOB2_MYTGA AOABB6BQB2 Tryptophan 2,3-dioxygenase 1 P1197
tr| AOABB6BQK6 | AOASBEBAK6_MYTGA AOABB6BOKE Ubiquitin-like 1-activating enzyme E1 A 1 P1198
tr| AOABB6BQUA | ADASBEBQUA_MYTGA AOABB6BQU4 C1q domain-containing protein 1 P1199
tr| AOABB6BQUS | AOABBEBQUS_MYTGA AOA8B6BQUS Uncharacterized protein 1 1200
tr| AOABB6BRF2 | AOASBEBRF2_MYTGA AOABB6BRF2 carbamoyl h ydrolyzing) (Fra 1 P1201
tr| AOASB6BRK1|AOABBEBRK1_MYTGA AOA8BEBRK1 MIR domain-containing protein 1 P1202
tr| AOABB6BS24 | ADABBEBS24_MYTGA AOABB6BS24 PLAC domain-containing protein 1 1203
tr| AOABB6BS62 | AOASBEBS62_MYTGA AOABB6BS62 Lipocalin/cytosolic fatty-acid binding domain-containing pr 1 1204
tr| AOABBGBSES | AOABBGBSES_MYTGA AOABBGBSES Solute carrier family 26, member 5 1 P1205
tr| AOABB6BSP7 | AOASBEBSP7_MYTGA AOABB6BSP7 Phosphatidylinositol-4,5-bisphosphate 3-kinase 1 P1206
tr| AOABB6BSQ3 | AOABBEBSQ3_MYTGA AOABB6BSQ3 Coiled-coil domain-containing protein 170 1 P1207
tr| AOABBEBSW4 | AOABBEBSWA_MYTGA AOABB6BSW4 Cfactor 1 1208
tr| AOABB6BSYS | AOABBEBSYS_MYTGA AOABB6BSYS Transmembrane 9 superfamily member 1 P1209
tr| AOABB6BT26 | ADASBEBT26_MYTGA AOA8BEBT26 1 itol-5 aki 1 P1210
tr| AOABB6BT61 | AOASBEBT61_MYTGA AOABB6BT61 DUF4515 domain-containing protein 1 P1211
tr| AOABBEBTEG | AOABBEBTES_MYTGA AOABBEBTES Large ribosomal subunit protein P1 1 P1212
tr| AOASB6BTQ2 | AOABB6BTQ2_MYTGA AOASBEBTQ2 small ribosomal subunit protein us10 1 P1213
tr| AOABB6BUS3 | ADASBEBUS3_MYTGA AOA8B6BUS3 Uncharacterized protein 1 P1214
tr| AOABB6BUZ7 | AOABBEBUZ7_MYTGA AOABBEBUZ7 WD repeat-containing protein 35 1 P1215
tr| AOABB6BV11 | AOABB6BV11_MYTGA AOABB6BV11 Ras homolog gene family, member A 1 P1216
tr| AOABB6BVJI | AOABBEBVI9_MYTGA AOABB6BVI9 Dehydrogenase/reductase SDR family member 1 1 P1217
tr| AOABBEBWAT | ADASBEBWA7_MYTGA AOABBEBWA7 Uncharacterized protein 1 P1218
tr| AOABBEBWE2 | AOABBEBWE2_MYTGA AOABBEBWE2 Tubulin beta chain 1 P1219
tr| AOABBEBWLS | AOABBEBWLE_MYTGA AOABBEBWLS Mediator of RNA polymerase I transcription subunit 14 1 P1220
tr| AOASB6BX34 | ADABBEBX34_MYTGA AOASBEBX34 Uncharacterized protein 1 P1221
tr| AOABB6BX68 | AOABBEBX68_MYTGA AOABB6BX68 Centrin-1 1 1222
tr| AOABBEBXMS3 | AOABBEBXM3_MYTGA AOABBEBXM3 FYVE-type domain-containing protein 1 P1223
tr| AOABB6BXQ6 | AOABBEBXQ5_MYTGA AOABB6BXQ6 RRM domain-containing protein 1 P1224
tr| AOABB6BYGO | AOABB6BYGI_MYTGA AOABBEBYGY General vesicular transport factor p115 1 P1225
tr| AOABBEBYTI | AOABBEBYTI_MYTGA AOABB6BYTY YidC/Oxal family membrane protein insertase 1 P1226
tr| AOABB6BZ44 | AOABBEBZ44_MYTGA AOABB6BZ44 DNA excision repair protein ERCC-6-like 1 P1227
tr| AOABB6BZ95 | AOASBEBZ95_MYTGA AOABB6BZ9S Signal peptidase complex catalytic subunit SEC11 1 P1228
tr| AOABB6BZH3 | AOABBEBZH3_MYTGA AOABB6BZH3 ATP-dependent RNA helicase DOB1 1 P1229
tr| AOABB6BZI3 | AOABB6BZI3_MYTGA AOA8B6BZI3 DNA polymerase 1 P1230
tr| AOABB6BZN7 | AOABBEBZN7_MYTGA AOABBEBZN7 Transmembrane protein 59 1 P1231
tr| AOASB6BZS7 | AOABBEBZS7_MYTGA AOABB6BZS7 Tetratricopeptide repeat protein 5 OB fold domain-containil 1 P1232
tr| AOABB6BZT7 | AOASBEBZT7_MYTGA AOABB6BZT7 RRM domain-containing protein 1 P1233
tr| AOABB6C004 | AOABBECO04_MYTGA AOABB6C004 Bleomycin hydrolase 1 P1234
tr| AOABB6C036 | AOABB6CO36_MYTGA AOABB6C036 Ras-related protein Rab-18 1 P1235
tr| AOABB6COBG | AOABB6COB6_MYTGA AOABB6COBE Purine nucleoside phosphorylase 1 P1236
tr] AOABBECOHS | AOASBECOHS_MYTGA AOABBECOHS DNA polymerase delta subunit 2 (Fragment) 1 P1237
tr| AOABB6C168 | AOABB6C168_MYTGA AOABB6C168 alpha-L-fucosidase 1 P1238
tr| AOABB6C1D1|AOASBEC1D1_MYTGA AOA8B6C1D1 Ubiquitin-conjugating enzyme E2 variant (Fragment) 1 P1239
tr| AOABB6C249 | AOABB6C249_MYTGA AOABB6C249 Receptor expression-enhancing protein 1 P1240
tr| AOABB6C278 | AOABB6C278_MYTGA AOABB6C278 Lethal(2) giant larvae protein 1 P1241
tr] AOABB6C295 | AOABB6C295_MYTGA AOABB6C295 Receptor expression-enhancing protein 1 P1242
tr| AOABB6C2MS | AOABB6C2MS_MYTGA AOABB6C2MS U6 snRNA-associated Sm-like protein LSm2 1 P1243
tr| AOABB6C3D2 | ADASBEC3D2_MYTGA AOA8B6C3D2 Mitochondrial pyruvate carrier 1 P1244
tr| AOABB6C3K4 | AOABBEC3KA_MYTGA AOABB6C3K4 mRNAm(6)A methyltransferase 1 P1245
tr| AOABB6C3T8 | ADABBEC3TB_MYTGA AOABB6C3T8 Tyrosine-protein kinase 1 P1246
tr| AOABB6CA449 | AOABB6CA49_MYTGA AOABB6C449 HIG1 domain-containing protein 1 P1247
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tr| AOABB6CAI0 | AOABB6CAI0_MYTGA AOABB6CAI0 Myosin | 1 P1248
tr| AOABB6CALO | ADABBECALO_MYTGA AOABB6CALO Band 7 domain-containing protein 1 P1249
tr| AOABB6CAL7 | AOASBECAL7_MYTGA AOABB6CAL7 Transcriptional coactivator p15 (PC4) C-terminal domain-co 1 P1250
tr| AOASB6CAT2 | ADABBECAT2_MYTGA AOA8BECAT2 Thyroglobulin type-1 domain-containing protein 1 P1251
tr| AOABB6C511|AOABB6C511_MYTGA AOABB6C511 Uncharacterized protein 1 P1252
tr| AOABB6C541 | AOABB6C541_MYTGA AOABB6C541 Coatomer subunit epsilon 1 P1253
tr| AOABB6C544 | AOABB6C544_MYTGA AOABB6C544 CD151 antigen 1 P1254
tr| AOABB6CSE6 | ADASBECSES_MYTGA AOABB6CSEG ADP-dependent glucokinase 1 P1255
tr| AOABB6C5G7 | ADASBECSG7_MYTGA AOABB6C5G7 Acetyl-CoAacyltransferase 2 1 P1256
tr| AOABBBCSIS | ADABB6CSIS_MYTGA AOABB6C5IS Calpain5 1 P1257
tr| AOABB6C5K4 | AOABBECSKA_MYTGA AOABB6C5K4A alpha-L-fucosidase 1 P1258
tr| AOABB6C5R6 | AOABBECSRE_MYTGA AOABB6CSRE Lysosomal-associated membrane protein 1/2 1 P1259
tr| AOABB6C639 | AOABB6C639_MYTGA AOABB6C639 Cleavageand polyadenylation specificity factor subunit 5 1 P1260
tr| AOABB6C6DS | ADASBECED8_MYTGA AOABB6C6DS Tetratricopeptide repeat protein 218 1 P1261
tr| AOABB6C757 | AOABB6C757_MYTGA AOABBEC757 Large ribosomal subunit protein eL24 1 P1262
tr| AOABB6C789 | AOABB6C789_MYTGA AOABB6C789 Beta-lactamase-related domain-containing protein 1 P1263
tr] AOABB6C7MS | AOABBEC7MS_MYTGA AOABBECTMS Large ribosomal subunit protein ul24 (Fragment) 1 P1264
tr| ADABB6C7Q5 | ADABBEC7QS_MYTGA AOABB6C7Q5 Isocitrate dehydrogenase [NADP] 1 P1265
tr| AOABB6C7Y2 | AOASBEC7Y2_MYTGA AOABB6C7Y2 NACHT domain-containing protein 1 P1266
tr| AOABB6C85 1| AOABB6C851_MYTGA AOABB6C8S51 Fatty acid amide hydrolase 2 1 P1267
tr| AOABB6C8MG | AOABBECEME_MYTGA AOABB6CEM6 Secretory carrier-associated membrane protein 1 P1268
tr| AOABB6C999 | AOABBECI99_MYTGA AOABB6C999 Gelsolin-like domain-containing protein 1 P1269
tr| AOABB6COJ5 | ADABBECOJ5_MYTGA AOABB6CIJS ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1 P1270
tr| AOABB6COPE | AOABBECOPE_MYTGA AOABB6CIPE DUF4455 domain-containing protein 1 P1271
tr| AOABBECOW6 | ADASBECIWE_MYTGA AOABB6COWE Ribosomal protein L19 (Fragment) 1 P1272
tr| AOABB6CA3 1| AOABB6CA31_MYTGA AOABB6CA3L Arachidonate 5-lipoxygenase 1 P1273
tr| AOABB6CAD3 | ADASBECAD3_MYTGA AOASB6CAD3 Dual oxidase maturation factor 1 1 P1274
tr| AOABB6CAQT | AOASBECAQ7_MYTGA AOABBECAQ7 RRM domain-containing protein 1 P1275
tr| AOABB6CATO | ADABBECATO_MYTGA AOABBGCATO Ubiquitin carboxyl-terminal hydrolase 7 1 P1276
tr| AOABBECAT4 | AOASBECATA_MYTGA AOABBECATA cellulase 1 P1277
tr| AOABBECAVO | AOABBECAVO_MYTGA AOABBECAVO ADP-ribosylhydrolase ARH3 1 P1278
tr| AOABBECAW2 | ADABBECAW2_MYTGA AOABB6CAW2 TNF receptor-associated protein 1 1 P1279
tr| AOABB6CBO9 | AOABBECBO9_MYTGA AOABB6CBO9 Uncharacterized protein 1 P1280
tr| AOASBECBHO | AOASBECBHO_MYTGA AOASBECBHO ADF-H domain-containing protein 1 P1281
tr| AOABB6CBIG | AOABB6CBI6_MYTGA AOABB6CBI6 alaninetransaminase 1 P1282
tr| AOABB6CC11|AOABBECC11_MYTGA AOABB6CC11 Uncharacterized protein 1 P1283
tr| AOABB6CCB2 | AOABB6CCB2_MYTGA AOABB6CCB2 Delta-aminolevulinic acid dehydratase 1 P1284
tr] AOABB6CCHG | AOASBECCHE_MYTGA AOABB6CCHE Ferritin 1 P1285
tr| AOABB6CCQS | ADASBECCQS_MYTGA AOABB6CCQS Apple domain-containing protein 1 P1286
tr| AOABB6CD15 | ADASBECD15_MYTGA AOABB6CD15 dTMP kinase 1 P1287
tr| AOABB6CD16 | ADASBECD16_MYTGA AOABB6CD16 2Fe-25 ferredoxin-type domain-containing protein 1 P1288
tr| AOABB6CDS7 | ADASBECD57_MYTGA AOABB6CDS7 CCR4-NOT transcription complex subunit 9 1 P1289
tr| AOABB6CDI8 | AOABBECDIB_MYTGA AOABB6CDI8 Fatty acid-binding protein 7, brain 1 1290
tr| AOABBECDM1 | ADASBECDM1_MYTGA AOABBECDM1 Calponin-homology (CH) domain-containing protein 1 P1291
tr| AOASB6CDR3 | AOASB6CDR3_MYTGA AOASBECDR3 14-3-3 protein gamma/eta 1 P1292
tr| AOABB6CDS3 | AOABBECDS3_MYTGA AOABB6CDS3 NADPH2:quinone reductase 1 P1293
tr| AOABB6CDZ4 | AOABBECDZ4_MYTGA AOABB6CDZ4 N-terminal acetyltransferase B complex non-catalytic subuni 1 P1294
tr| AOABB6CEBS | AOABB6CEBS_MYTGA AOABB6CEBS ATP-dependent DNA helicase 2 subunit 2 1 P1295
tr| AOABB6CEL3 | AOABBGCEL3_MYTGA AOABB6CEL3 Uncharacterized protein 1 P1296
tr| AOABBECEPS | AOASBECEPS_MYTGA AOABB6CEPS Purpleacid phosphatase 1 P1297
tr| AOABB6CET6 | AOABBGCET6_MYTGA AOABB6CET6 LRP2-binding protein 1 P1298
tr| AOABB6CEYA | AOABBECEY4_MYTGA AOABB6CEY4 Calcyclin-binding protein 1 P1299
tr| AOABB6CFSS5 | ADASBECFS5_MYTGA AOABB6CF55 Uncharacterized protein 1 P1300
tr| AOABB6CFG3 | AOABB6CFG3_MYTGA AOABB6CFG3 Cytosolic prostaglandin-E synthase 1 P1301
tr| AOABBECFIS | AOASBECFIB_MYTGA AOABBECFI8 Sec1 family domain-containing protein 1 1 P1302
tr| AOABBGCFM? | AOABBECFM7_MYTGA AOABB6CFM?7 V-type H+-transporting ATPase S1 subunit 1 P1303
tr| AOABB6CFP1|ADASBECFP1_MYTGA AOABB6CFP1 Protein kish 1 P1304
tr| AOABB6CFP4 | ADASBECFPA_MYTGA AOABBECFP4 Cilia-and flagella-associated protein 69 ARM repeats domair 1 P1305
tr| AOABB6CFTO | AOABBGCFT9_MYTGA AOABB6CFT9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subu 1 P1306
tr| AOABB6CFUS | AOABBECFUS_MYTGA AOABB6CFUS Uncharacterized protein 1 P1307
tr| AOABB6CGBS | AOASBECGBS_MYTGA AOABB6CGBS ATP-binding cassette, subfamily F, member 3 1 P1308
tr| AOABB6CGMA4 | ADABBECGMA_MYTGA AOABB6CGM4 La-related protein 1 1 P1309
tr| AOABB6CGQSB | AOABBECGQ8_MYTGA AOABB6CGQS Uncharacterized protein 1 P1310
tr| AOASB6CGYO | ADABBECGYO_MYTGA AOABBECGYO Lectin, mannose-binding 1 (Fragment) 1 P1311
tr| AOABB6CGZ2 | AOABB6CGZ2_MYTGA AOABB6CGZ2 RNAhelicase 1 P1312
tr| AOABB6CGZ7 | AOABB6CGZ7_MYTGA AOABB6CGZ7 Suppressor of G2 allele of SKP1 1 P1313
tr| AOABB6CHO1 | ADABBECHO1_MYTGA AOABB6CHO1 Vesicle-associated membrane protein 7 1 P1314
tr| AOABBECHFS | AOABBECHFS_MYTGA AOABBECHFS GDP-fucose protein O-fucosyltransferase 2 (Fragment) 1 P1315
tr| AOABB6CIJ9 | AOABBECII9_MYTGA AOABB6CII9 / 1 P1316
tr| AOABB6CIS3 | ADABBECIS3_MYTGA AOABBGCIS3 All-trans-retinol dehydrogenase (NAD+) 1 P1317
tr| AOABB6CI24 | ADABBECI24_MYTGA AOABB6CI24 Uncharacterized protein (Fragment) 1 P1318
tr| AOASB6CIEQ | AOASBECIEQ_MYTGA AOABB6CIEQ Chromo domain-containing protein 1 P1319
tr| AOABB6CIUS | AOASBECIUS_MYTGA AOABB6CIUS Uncharacterized protein 1 1320
tr] AOABB6CK63 | AOABBECK63_MYTGA AOABB6CK63 405 ribosomal protein 521 1 P1321
tr| AOABB6CLS6 | ADABBECLS6_MYTGA AOABB6CLS6 DNA primase small subunit 1 P1322
tr| AOABB6CLT6 | AOABBECLTE_MYTGA AOABB6CLTE AP-2 complex subunit mu-1 1 P1323
tr| AOABBECM15 | AOABBECM15_MYTGA AOABBECM15 605 ribosomal protein L27 1 P1324
tr| AOABB6CM37 | AOABB6CM37_MYTGA AOABB6CM37 Cysteine synthase A 1 P1325
tr] AOABB6CM42 | AOABBECMA2_MYTGA AOABB6CMA42 Uncharacterized protein 1 P1326
tr| AOABB6CM73 | AOABBECM73_MYTGA AOABB6CM73 Coronin 1 P1327
tr| AOABBECMBI | AOABBECMBI_MYTGA AOABB6CMBY SEL1 protein 1 P1328
tr] AOABBECMHO | AOASBECMHO_MYTGA AOABBECMHO U3 small nucleolar RNA-associated protein 19 1 P1329
tr| AOASBECMIS | AOABBECMIS_MYTGA AOABBECMIS polynucleotide adenylyltransferase 1 P1330
tr| AOABBECMJ9 | ADASBECMII_MYTGA AOABBECMI9 Splicing factor, arginine/serine-rich 16 1 P1331
tr| AOABBECMR2 | AOABBECMR2_MYTGA AOABBECMR2 Dyskerin-like domain-containing protein 1 P1332
tr| AOABBECMS6 | AOABBECMS6_MYTGA AOABB6CMS6 Agmatinase 1 P1333
tr| AOABBECNHG | AOABBECNHE_MYTGA AOABBECNHSG Metalloendopeptidase 1 P1334
tr| AOABBECNP1 | ADASBECNP1_MYTGA AOABBECNP1 non-specific serine/threonine protein kinase 1 P1335
tr| AOABBECNQY | AOABBECNQ7_MYTGA AOABB6CNQ7 Uncharacterized protein 1 P1336
tr] AOABBECNX2 | AOASBECNX2_MYTGA AOABBECNX2 Insulysin 1 P1337
tr| AOABB6CPS6 | AOABBECPS6_MYTGA AOABB6CPS6 Nucleoporin NDC1 1 P1338
tr| AOABB6CP63 | AOABBECP63_MYTGA AOABB6CP63 Small nuclear ribonucleoprotein £ 1 P1339
tr| AOABB6CP94 | AOABBECPIA_MYTGA AOABB6CPI4 Glycogen synthase kinase 3 beta 1 P1340
tr| AOABB6CPBS | AOABBECPBE_MYTGA AOABB6CPBS Uncharacterized protein 1 P1341
tr| AOABB6CPH4 | ADASBECPHA_MYTGA AOABBECPHA Nuclear pore complex protein Nup210 (Fragment) 1 P1342
tr| AOABB6CPKS | AOABBECPKS_MYTGA AOABB6CPKS EF-hand domain-containing protein (Fragment) 1 P1343
tr| AOABB6CPPS | AOABBECPPS_MYTGA AOABB6CPPS Tetratricopeptide repeat protein 30 1 P1344
tr| AOABB6CQDS | AOABB6CQDS_MYTGA AOABB6CQDS COP9 signalosome complex subunit 6 1 P1345
tr| AOABB6CQLO | AOABBECQLO_MYTGA AOABB6CQLO Triokinase/FMN cyclase 1 P1346
tr| AOABB6CQTS | AOABB6CQTB_MYTGA AOA8B6CQT8 Uncharacterized protein 1 P1347
tr] AOABB6CQV7 | ADASBECQV7_MYTGA AOABB6CQV7 Coiled-coil domain-containing protein 146 1 P1348
tr| AOASB6CROO | AOABB6CROO_MYTGA AOABB6CROO Sperm-tail PG-rich repeat-containing protein 2 1 P1349
tr| AOABB6CS94 | ADABBECSIA_MYTGA AOABB6CS94 Abhydrolase domain-containing protein 14 1 P1350
tr| AOABB6CSDO | AOABBECSDO_MYTGA AOABB6CSDO Rho GTPase-activating protein 17/44 1 P1351
tr| AOABB6CSF1 | AOABBGCSF1_MYTGA AOABB6CSF1 Deltamethrin p prag01 d 1 P1352
tr| AOABB6CSN | AOABBECSNI_MYTGA AOABBECSNY N-acetyl-D-glucosamine kinase 1 P1353
tr| AOABB6CT34 | ADASBECT34_MYTGA AOABB6CT34 Phospholipase B-like 1 P1354
tr| AOABB6CTD7 | AOABB6CTD7_MYTGA AOABB6CTD7 2-0xoi 1 beta subuni 1 P1355
tr| AOABB6CTR2 | AOASBECTR2_MYTGA AOABB6CTR2 VWFA domain-containing protein 1 P1356
tr| AOABB6CTX1 | ADASBECTX1_MYTGA AOABB6CTX1 Acetyl-coenzyme A synthetase 1 P1357
tr| AOABB6CTYS | AOABBGCTYS_MYTGA AOABB6CTYS BTB/POZ domain-containing protein 7 1 P1358
tr| AOABB6CUP1 | ADASBECUP1_MYTGA AOABB6CUP1 Methionyl aminopeptidase 1 P1359
tr| AOABBGCUP7 | ADABBECUP7_MYTGA AOABBGCUP7 Ras-related protein Rab-14 1 P1360
tr| AOABB6CUV3 | ADASBECUV3_MYTGA AOASB6CUV3 IMP dehydrogenase 1 P1361
tr] AOABBECUX6 | AOASBECUX6_MYTGA AOABBECUX6 C-type lectin domain-containing protein 1 P1362
tr| AOABB6CVG1 | ADABBECVGL_MYTGA AOABB6CVGL Dystroglycan 1 1 P1363
tr| AOABB6CVJO | AOABBECVIO_MYTGA AOABB6CVIO CARD domain-containing protein 1 P1364
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tr| AOABBECVW7 | ADASBECVW7_MYTGA AOABBECVW7 Ricin B lectin domain-containing protein 1 P1365
tr| ADABBECW29 | ADABBECW29_MYTGA AOABB6CW29 Actin related protein 2/3 complex, subunit 3 1 P1366
tr| AOABBECWS9 | ADASBECWS9_MYTGA AOABBECWS9 MYND-type domain-containing protein 1 P1367
tr| AOABBECWAG | AOASBECWAG_MYTGA AOABB6CWAS Uncharacterized protein 1 P1368
tr| AOABBECWT4 | AOASBBECWTA_MYTGA AOABB6CWT4 Tubulin alpha chain 1 P1369
tr] AOABBECWX9 | ADASBECWX9_MYTGA AOABBECWX9 Nucleoprotein TPR 1 P1370
tr| AOABB6CXE7 | AOABBECXE7_MYTGA AOABBGCXE7 Transgelin 1 P1371
tr| AOABBBCXFO | AOASBECXFO_MYTGA AOABBECXFO Ras association domain-containing protein 2/4 1 P1372
tr| AOABB6CXG1|ADASBECXG1_MYTGA AOABB6CXG1 Nucleoprotein TPR 1 P1373
tr| ADABB6CXJ9 | AOABBECXI9_MYTGA AOABB6CXI9 g nuclearri Ulike 1 1 P1374
tr] AOABB6CXXS | AOABBECXX8_MYTGA AOABB6CXX8 Antigen KI-67 1 P1375
tr| AOABB6CY71|ADASBECY71_MYTGA AOABB6CY71 Protein RFT1 homolog 1 P1376
tr| AOABB6CY79 | ADABBECY79_MYTGA AOABB6CY79 Stathmin 1 P1377
tr] AOABB6CYFO | AOABBECYFO_MYTGA AOABBECYFO 2 y , mi ial 1 P1378
tr| AOASB6CYMS| ADABBECYMS_MYTGA AOASBECYMS Uncharacterized protein 1 P1379
tr| AOABB6CYYS | AOABBECYYS_MYTGA AOABB6CYYS TLDc domain-containing protein 1 1380
tr| AOABB6CZH3 | AOABBECZH3_MYTGA AOABB6CZH3 C1q domain-containing protein 1 P1381
tr| AOABB6CZM? | AOABBECZM7_MYTGA AOABB6CZM7 Calcium-transporting ATPase 1 P1382
tr| AOABB6CZS1|AOABBECZS1_MYTGA AOABB6CZS1 Mitochondrial carrier 1 P1383
tr| AOABBEDOB7 | AOASBEDOB7_MYTGA AOA8BEDOB7 E2 ubiquitin-conjugating enzyme 1 P1384
tr| AOABB6DOG2 | AOABB6DOG2_MYTGA AOABB6D0G2 Uncharacterized protein 1 P1385
tr| AOABBEDOPO | ADASBEDOPO_MYTGA AOA8BEDOPO Copper transport protein ATOX1 1 P1386
tr| AOAB6DOQT | ADASBEDOQ7_MYTGA A0A8B6DO0Q7 ADP-ribosylation factor 1 1 P1387
tr| AOABB6DOSS | AOABBEDOSS_MYTGA AOABB6DOSS C1q domain-containing protein 1 1388
tr| AOABBEDOSE | AOABBEDOSE_MYTGA AOABBEDOSE 265 proteasome regulatory subunit N11 1 P1389
tr| AOABB6DOT4 | AOABBEDOTA_MYTGA AOABB6DOT4 [ bS heme-binding d protein 1 P1390
tr| AOABBEDOW? | AOABBEDOW7_MYTGA AOABBEDOW? Mesenchyme-specific cell surface glycoprotein 1 P1391
tr| AOABBED100 | AOASBED100_MYTGA AOA8BED100 g nuclear ri in A1/A3 1 P1392
tr| AOABB6D1A2 | ADABBED1A2_MYTGA AOABB6D1A2 Ctype lectin domain-containing protein 1 P1393
tr| AOABBED1H1 | AOABBED1H1_MYTGA AOABBED1H1 Protein far ansferase type-1 1 P1394
tr| AOABBED1V3 | ADASBED1V3_MYTGA AOABBED1V3 Uncharacterized protein 1 P1395
tr| AOABB6D231|AOABBED231_MYTGA AOA8B6D231 Thioredoxin domain-containing protein 1 P1396
tr| AOABB6D255 | AOASBED255_MYTGA AOABBED255 Dimethylargininase 1 P1397
tr| AOABB6D215 | AOASBED2J5_MYTGA AOABB6D2)5 acetyl-CoA C-acetyltransferase 1 P1398
tr| AOABB6D2M1 | ADASBED2M1_MYTGA AOA8B6D2M1 DUF885 domain-containing protein 1 P1399
tr| AOABBED2PO | ADASBED2PO_MYTGA AOABBED2PO Phospholipase A-2-activating protein 1 P1400
tr| AOABBED2R7 | ADABBED2R7_MYTGA AOABBED2R7 Fibrillin-2 1 P1401
tr| AOABB6D2UO | AOABBED2UO_MYTGA AOA8B6D2UO Amine oxidase domain-containing protein 1 P1402
tr| AOABBED2W7 | AOABBED2W7_MYTGA AOABBED2W7 Alpha-N-acetylglucosaminidase (Fragment) 1 P1403
tr| AOABB6D228 | AOABB6D2Z8_MYTGA AOA8B6D228 RNA-binding protein Musashi 1 P1404
tr| AOABB6D351 |ADASBED351_MYTGA AOABBED351 F-box and WD-40 domain protein 1/11 1 P1405
tr| AOABB6D393 | ADASBED393_MYTGA AOA8B6D393 Uncharacterized protein 1 P1406
tr| AOABB6D3GO | AOABBED3GO_MYTGA AOA8B6D3GO Annexin (Fragment) 1 P1407
tr| AOABB6D3L1|AOABBED3L1_MYTGA AOABBED3LL Nicotinate phosphoribosyltransferase 1 P1408
tr| AOASBGED3RI | AOASBED3RI_MYTGA AOA8BED3R9 Doublecortin domain-containing protein 1 P1409
tr| AOABB6DA06 | AOASBEDA06_MYTGA AOA8B6DA06 Solute carrier family 9 (Sodium/hydrogen exchanger), memt 1 P1410
tr| AOABBEDAF3 | AOABBEDAF3_MYTGA AOABBEDAF3 2"5"oligoadenylate synthetase 1 domain-containing proteir 1 P1411
tr| AOABB6DAG6 | AOABBEDAGE_MYTGA AOABB6DAGE Heparan sulfate proteoglycan 2 (Perlecan) 1 P1412
tr| AOABBEDAH3 | AOABBEDAH3_MYTGA AOABBEDAH3 TLDc domain-containing protein 1 P1413
tr| AOABB6DA14 | ADASBEDAJA_MYTGA AOABBEDA)4 Radial spoke head protein 1 1 P1414
tr| AOABB6DAK7 | AOABBEDAK7_MYTGA AOABB6DAK7 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subl 1 P1415
tr| AOABB6D4Q1 | AOABBEDAQL_MYTGA A0ABB6D4QL Solute carrier family 44 (Cholinetransporter-like protein), 1 P1416
tr| AOABBED540 | AOASBEDS540_MYTGA AOABBED540 Zonadhesin 1 P1417
tr| AOABB6DS87 | ADABBED587_MYTGA AOABB6D587 ATP-dependent Clp protease proteolytic subunit 1 P1418
tr| AOABBEDSD2 | AOABBED5D2_MYTGA AOABBEDSD2 Acylpyruvate hydrolase 1 P1419
tr| ADABB6DSV2 | ADABBED5V2_MYTGA AOABBEDS5V2 peptide-methionine (R)-S-oxide reductase 1 P1420
tr| AOABB6DS W8 | AOABBEDSWE_MYTGA AOABBEDSWS glycine hydroxymethyltransferase (Fragment) 1 P1421
tr| AOABB6D6 18 | AOASBED618_MYTGA AOABBED618 Large ribosomal subunit protein eL33 1 P1422
tr| AOABB6D6QI | AOABBED6QI_MYTGA AOA8B6D6QI Receptor-interacting serine/threonine-protein kinase 1 1 P1423
tr| AOABBED6W? | AOABBEDEW7_MYTGA AOABBEDEW? Deoxyribodipyrimidine photo-lyase 1 P1424
tr| AOABBED7H3 | ADABBED7H3_MYTGA AOABBED7H3 Alkylglycerone-phosphate synthase 1 P1425
tr| AOABB6D715 | AOABBED7I5_MYTGA AOABB6D7I5 Caprin-1 1 P1426
tr| AOABB6D8BI | ADASBEDB8I_MYTGA AOABB6D889 Fibroblast growth factor receptor 3 1 P1427
tr| AOASB6D8T4 | ADABBEDSTA_MYTGA AOASBEDET4 Armadillo repeat-containing protein 8 1 P1428
tr| AOABB6DSTO | AOABBEDSTI_MYTGA AOABB6DSTY Plexin A 1 P1429
tr| AOABBEDIK2 | AOASBEDIK2_MYTGA AOABBEDIK2 P-type domain-containing protein 1 P1430
tr| AOABBEDIM?7 | ADASBEDIM7_MYTGA AOABB6DIM?7 tryptophan-~tRNA ligase 1 P1431
tr] AOABBEDIX9 | ADASBEDIXI_MYTGA AOABBEDIX9 Argininosuccinate lyase 1 P1432
tr| AOABBEDASO | AOASBEDASO_MYTGA AOABBEDASO E3 UFM1-protein transferase 1 homolog 1 P1433
tr| AOABBEDAIS | AOABBEDAIS_MYTGA AOABBEDAIS Gamma-tubulin complex component 1 P1434
tr| AOABBEDAAG | AOASBEDAAS_MYTGA AOABBEDAAG WAP domain-containing protein 1 P1435
tr| AOASBGDAK2 | AOASBEDAK2_MYTGA AOASBEDAK2 Uncharacterized protein 1 P1436
tr| AOABB6DALS | AOABBEDALS_MYTGA AOASBEDALS Actin-related protein 2/3 complex subunit 5 1 1437
tr| AOABBEDAX4 | AOASBEDAX4_MYTGA AOABBEDAX4 LDLR chaperone MESD 1 P1438
tr| AOABB6DBO2 | AOABBEDBO2_MYTGA AOA8B6DBO2 265 proteasome regulatory subunit T6 1 P1439
tr| AOABBEDBP9 | AOASBEDBPI_MYTGA AOASBEDBPY NadR/Ttd14 AAA domain-containing protein 1 P1440
tr| AOABBEDBQS | AOABBEDBOS_MYTGA AOABBEDBQS Uncharacterized protein 1 P1441
tr| AOABB6DBYA | AOABBEDBYA_MYTGA AOABB6DBY4 Growth hormone-inducible transmembrane protein 1 P1442
tr| AOABB6DBZ7 | AOABBEDBZ7_MYTGA AOABB6DBZ7 Short/branched chain specific acyl-CoA dehydrogenase, mitc 1 P1443
tr| AOABBEDCAS | ADASBEDCAS_MYTGA AOABBEDCAS V-type proton ATPase subunit a 1 P1444
tr| AOABB6DC8S | AOABBEDC8S_MYTGA AOABB6DC85 Template-activating factor | 1 P1445
tr| AOABBEDCM1 | ADASBEDCM1_MYTGA AOABBEDCM1 GTP-binding protein SARL 1 P1446
tr| AOASBEDCW?7 | AOABBEDCW7_MYTGA AOASBEDCW7 MAGUK p55 subfamily member 6 1 P1447
tr| AOABB6DD76 | AOABBEDD76_MYTGA AOABB6DD76 Domain of unknown function with conserved HDNR motif d: 1 P1448
tr| AOABBEDDK2 | AOABBEDDK2_MYTGA AOABBEDDK2 GTPase KRas 1 P1449
tr| AOABB6DE93 | AOABBEDEI3_MYTGA AOABB6DE93 splicing factor 3Asubunit 1 1 P1450
tr| AOABB6DED3 | AOASBEDED3_MYTGA AOASBEDED3 Uncharacterized protein 1 P1451
tr| AOABBEDEQS | AOASBEDEQS_MYTGA AOASBEDEQS EF-hand domain-containing protein 1 P1452
tr| AOABBEDEWS | AOASBEDEWS_MYTGA AOABBGDEWS Guanylate cyclase 1 P1453
tr| AOABBEDEYS | AOASBEDEYS_MYTGA AOABBEDEYS exodeoxyribonuclease Il 1 P1454
tr| AOASBEDFE7 | AOABBEDFE7_MYTGA AOA8BEDFE7 Uncharacterized protein 1 P1455
tr| AOABBEDFHO | AOASBEDFHI_MYTGA AOABBEDFHI acetate—CoA ligase 1 P1456
tr| AOABBEDFJO | AOABBEDFIO_MYTGA AOABBEDFIO Insulin-like growth factor 2 mRNA-binding protein 1 1 P1457
tr| AOABB6DFQ1 | AOABBEDFQL_MYTGA AOABB6DFQL acetate~CoA ligase (Fragment) 1 P1458
tr| AOABB6DFSO | AOASBEDFSO_MYTGA AOABBEDFSO Rab5-interacting protein 1 P1459
tr| AOABBEDFV1 | AOABBEDFVI_MYTGA AOABBEDFVL Ras-related protein Rab-21 1 P1460
tr| AOABB6DGS2 | AOABBEDGB2_MYTGA AOABB6DGS2 glutaminyl-peptide cyclotransferase 1 P1461
tr| AOABBEDGC? | AOABBEDGC7_MYTGA AOABBEDGC7 CD109 antigen 1 P1462
tr| AOABBEDGF4 | AOASBEDGFA_MYTGA AOABBEDGF4 Uncharacterized protein 1 P1463
tr| AOABBEDGN4 | AOABBEDGNA_MYTGA AOABB6DGN4 Nuclear pore complex protein Nup85s 1 P1464
tr| AOABBEDHO8 | AOABBEDHO8_MYTGA AOABBEDHO8 Uncharacterized protein 1 P1465
tr| AOASBEDHAA | AOABBEDHAG_MYTGA AOASBEDHA4 ATP-binding cassette, subfamily F, member 1 1 P1466
tr| AOABBEDHHA | AOASBEDHHA_MYTGA AOABBEDHH4 €S domain-containing protein 1 P1467
tr| AOABBEDHI9 | AOASBEDHI9_MYTGA AOABBEDHI9 Serrate RNA effector molecule homolog 1 P1468
tr| AOABBGDHK3 | AOABBEDHK3_MYTGA AOABB6DHK3 Lysyl-tRNA synthetase 1 P1469
tr| AOABBEDHL6 | AOASBEDHLE_MYTGA AOABBEDHLE Actin-related protein 2/3 complex subunit 4 1 P1470
tr| AOABBEDHNA | AOABBEDHNA_MYTGA AOABBEDHNA 5"AMP-activated protein kinase, regulatory beta subunit (Fr. 1 P1471
tr| AOABBEDHPG | AOABBEDHP6_MYTGA AOABB6DHPG Protein disulfide isomerase family A, member 5 1 P1472
tr| AOABBEDHS4 | ADASBEDHSA_MYTGA AOABBEDHS4 Phosphatidylinositol-binding clathrin assembly protein 1 P1473
tr| AOABBEDHV? | AOASBEDHV7_MYTGA AOABBEDHV7 Large subunit ribosomal protein L11e 1 P1474
tr| AOABBEDHW?2 | AOASBEDHW2_MYTGA AOABBEDHW2 Ubiquitin carboxyl-terminal hydrolase 1 P1475
tr| AOABB6DIA2 | AOABBEDIA2_MYTGA AOABB6DIA2 Sperm-associated antigen 1 1 P1476
tr| AOABB6DIH3 | AOABBEDIH3_MYTGA AOABB6DIH3 Condensin complex subunit 1 1 P1477
tr| AOABB6DIUG | AOASBEDIUG_MYTGA AOABB6DIUG SGNH hydrolase-type esterase domain-containing protein 1 P1478
tr| AOABBEDIV7 | AOABBEDIV7_MYTGA AOABBEDIV7 €S domain-containing protein 1 P1479
tr| AOABB6DIIS | AOABBEDIIS_MYTGA AOABB6DIIS Uncharacterized protein 1 P1480
tr| AOABB6DIXS | AOASBEDIXS_MYTGA AOABBEDIXS Calmodulin 1 P1481
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tr| AOABBEDKO6 | AOASBEDKO6_MYTGA AOABBEDKO6 Pericentriolar material 1 protein (Fragment) 1 P1482
tr| AOABB6DK17 | AOASBEDK17_MYTGA AOABBEDK17 RNA-binding protein Nova 1 P1483
tr| AOABBEDK24 | ADASBEDK24_MYTGA AOABBEDK24 Uncharacterized protein 1 P1484
tr| AOA8BGEDKAL | AOASBEDKAL_MYTGA AOASBEDKAL GRAM domain-containing protein 1 P1485
tr| AOABB6DKB2 | AOASBEDKB2_MYTGA AOABBEDKB2 Tetraspanin 1 P1486
tr| AOABBEDKHS | AOABBEDKHS_MYTGA AOABBEDKHS D-lactate dehydratase 1 P1487
tr| AOABB6DL23 | AOABBEDL23_MYTGA AOABB6DL23 D-fructose-1,6-bisphosphate 1-phosphohydrolase 1 P1488
tr| AOABB6DLA7 | AOABBEDLA7_MYTGA AOABBEDLAT Copper acquisition factor BIM1-like d ontaining prot 1 P1489
tr| AOABBEDL7S | AOABBEDL75_MYTGA AOABBEDL7S Filamin 1 P1490
tr| AOASB6DLQG | AOASBEDLQS_MYTGA A0A8BEDLQS SH3-domain binding protein 2 1 P1491
tr| AOABBEDM72 | AOASBEDM72_MYTGA AOABBEDM72 Filamin 1 P1492
tr| AOABBEDM98 | AOASBEDMIB_MYTGA AOABBEDM98 Dynein heavy chain AAA module D4 domain-containing prot 1 P1493
tr| AOABBEDMFO | AOASBEDMFO_MYTGA AOABBEDMFO €2 domain-containing protein 1 1494
tr| AOABBEDML2 | AOABBEDML2_MYTGA AOABBEDML2 DNA-directed RNA polymerase I subunit RPB7 1 P1495
tr| AOABEDMU9 | AOABBEDMU9_MYTGA AOABEDMUY UMP-CMP kinase 1 P1496
tr| AOABBEDN32 | AOABBEDN32_MYTGA AOABBEDN32 3-hydroxyacyl-CoA dehydrogenase 1 1497
tr| AOABBEDN37 | AOABBEDN37_MYTGA AOABBEDN37 Histone deacetylase 11 1 P1498
tr| AOABBEDN62 | AOABBEDN62_MYTGA AOABBEDN62 Proteasome activator subunit 4 1 P1499
tr| AOABBEDNP1 | AOABBEDNP1_MYTGA AOABBEDNP1 )3 2 ylprop 1 P1500
tr| AOABBEDPAO | AOASBEDPAO_MYTGA AOABBEDPAO COP9 signalosome complex subunit 1 1 P1501
tr| AOASB6DPQO| ADASBEDPQO_MYTGA A0A8BEDPQD SCO-spondin 1 P1502
tr| AOABBEDPS1 | AOABBEDPS1_MYTGA AOABBEDPS1 Dynein heavy chain, axonemal 1 P1503
tr| AOASBEDPVA | AOASBEDPVA_MYTGA AOASBEDPVA UspA domain-containing protein (Fragment) 1 P1504
tr| AOASB6DQO1 | ADASBEDQO1_MYTGA A0A8B6DQO1 Cadherin-like beta sandwich domain-containing protein 1 P1505
tr| AOASBEDQ74| AOABBEDQ74_MYTGA A0A8B6DQ74 LHH domain-containing protein 1 P1506
tr| AOASB6DQ86 | ADABBEDQ86_MYTGA AOA8B6DQ86 phenylalanine 4-monooxygenase 1 P1507
tr| AOASBEDQY3 | AOASBEDQY3_MYTGA A0ASBEDQY3 EF-hand domain-containing protein 1 P1508
tr| AOABBEDRO2 | AOASBEDRO2_MYTGA AOA8BEDRO2 VWFA domain-containing protein 1 P1509
tr| AOABBGDRBS | AOABBEDRBE_MYTGA AOABBGDRBS Hydroxyacid-oxoacid transhydrogenase 1 P1510
tr| AOABBEDRG1 | AOABBEDRG1_MYTGA AOABBEDRG1 DNA damage-inducible protein 1 1 P1511
tr| AOABBEDRZS | AOABBEDRZ8_MYTGA AOABBEDRZ8 Protein transport protein SEC31 1 P1512
tr| AOABB6DSF9 | AOASBEDSFI_MYTGA AOABB6DSF9 Uncharacterized protein 1 P1513
tr] AOABBEDSHS | AOASBEDSHS_MYTGA AOABBEDSHS Rootletin 1 P1514
tr| AOABBEDT66 | AOABBEDTE6_MYTGA AOABBEDT66 RNA-binding protein 8A 1 P1515
tr| AOABB6DTU3 | AOASBEDTU3_MYTGA AOASBEDTU3 Insulysin (Fragment) 1 P1516
tr| AOABB6DTY9 | AOASBEDTYS_MYTGA AOABBEDTY9 SHSP domain-containing protein 1 P1517
tr| AOABB6DUI6 | AOABBEDUIE_MYTGA AOABB6DUIG Prostaglandin-H2 D-isomerase / glutathione transferase 1 P1518
tr| AOABBEDVE0 | ADASBEDV60_MYTGA AOABBEDV60 g nuclear ri in F/H 1 P1519
tr| AOABBEDVC3 | ADASBEDVC3_MYTGA AOABBEDVC3 Serpin B 1 P1520
tr| AOABBEDVHO | AOABBEDVHO_MYTGA AOA8BEDVHO Aldoketomutase 1 P1521
tr| AOABB6DVI4 | AOABBEDVI4_MYTGA AOABBEDVI4 EGF-like domain-containing protein 1 P1522
tr| AOASBEDVK3 | AOASBEDVK3_MYTGA AOASBEDVK3 Protein MAK10 homolog 1 P1523
tr| AOABB6DVT2 | AOABBEDVT2_MYTGA AOASB6DVT2 small ribosomal subunit protein us12 1 P1524
tr| AOABBEDVVS | ADASBEDVVS_MYTGA AOABBEDWVS Leucine-rich repeat protein SHOC2 1 P1525
tr| AOASBEDWS7 | ADABBEDWS7_MYTGA AOASBEDWS7 ATP-binding cassette, subfamily B (MDR/TAP), member 1 1 P1526
tr| AOABBEDWF4 | ADASBEDWF4_MYTGA AOABBEDWF4 Profilin 1 P1527
tr| AOABBEDWN7 | AOASBEDWN7_MYTGA AOABBEDWN7 cAMP-dependent protein kinase regulator 1 P1528
tr| AOABB6DX32 | ADABBEDX32_MYTGA AOABB6DX32 Leucine-rich repeat flightless-interacting protein 2 1 P1529
tr| AOABBEDXB6 | AOASBEDXB6_MYTGA AOABBEDXB6 Protein transport protein SEC61 subunit gamma and related 1 P1530
tr| AOABBEDXHO | AOABBEDXHO_MYTGA AOABBEDXHI DUF4200 domain-containing protein 1 P1531
tr| AOABB6DXLS | AOABBEDXLE_MYTGA AOABBEDXL8 Uncharacterized protein 1 P1532
tr| AOABBEDXZS | AOABBEDXZ5_MYTGA AOABBEDXZS Transcription elongation factor SPTS 1 P1533
tr| AOABB6DYS3 | AOABBEDYS3_MYTGA AOASBEDY83 Poly(A)-specific ribonuclease PARN 1 P1534
tr| AOABB6DYJO | AOABBEDYIO_MYTGA AOABBEDYIO F-actin-capping protein subunit alpha 1 P1535
tr| AOABBEDYS6 | AOASBEDYSE_MYTGA AOABBEDYS6 AP-3 complex subunit sigma 1 P1536
tr| AOABBEDYU2 | ADABBEDYU2_MYTGA AOABBEDYU2 Importin-4 1 P1537
tr| AOABB6DZ40 | AOABBEDZ40_MYTGA AOA8B6DZ40 WNTinhibitory factor 1 1 P1538
tr| AOABB6DZF1 | AOASBEDZF1_MYTGA AOABBEDZF1 icoti y 1 P1539
tr| AOABB6DZPS | AOABBEDZP8_MYTGA AOABB6DZP8 Nuclear autoantigenic sperm protein 1 P1540
tr| AOABB6DZY1 | AOASBEDZY1_MYTGA AOABB6DZY1 Transcription factor BTF3 1 P1541
tr| AOABBGEOF9 | AOABBGEOF9_MYTGA AOABBGEOF9 DEP domain-containing protein 1 P1542
tr| AOABB6EOGS | AOABBEEOGS_MYTGA AOASBGEOGS Apextrin C-terminal domain-containing protein 1 P1543
tr| AOABB6EOK? | AOASBEEOK7_MYTGA AOABBGEOK? THO complex subunit 6 1 P1544
tr| AOASBGE1BS | AOASBEE1BS_MYTGA AOASBGE1BS Histone H1/5 1 P1545
tr| AOABBGELF6 | AOABBGE1F6_MYTGA AOABBGELF6 Importin subunit alpha 1 P1546
tr| AOABBGELH1 | AOABBELH1_MYTGA AOABBGE1H1 DNA ligase 1 P1547
tr| AOABBGELM? | AOABBEELM7_MYTGA AOABBGELM?7 Uncharacterized protein 1 P1548
tr| AOABB6ELN3 | AOABBELN3_MYTGA AOASBGELN3 BAR domain-containing protein 1 P1549
tr| AOABBGELN7 | AOABBEELN7_MYTGA AOABBGEINT ER lumen protein-retaining receptor 1 P1550
tr| AOABBGELR6 | AOASBEELRG_MYTGA AOABBGELR6 DNA replication complex GINS protein PSF3 1 P1551
tr| AOABBGELT6 | AOABBGELTE_MYTGA AOABBGELTE von Willebrand factor A domain-containing protein SA 1 P1552
tr| AOASBGELW6 | AOABBEELW6_MYTGA AOASBEEIW6 Polyadenylate-binding protein 1 P1553
tr| AOABB6E202 | AOASBEE202_MYTGA AOA8B6E202 Betaine-homocysteine S-methyltransferase 1 P1554
tr| AOABB6E227 | AOASBEE227_MYTGA AOABB6E227 Transportin-3 1 P1555
tr| AOABB6E267 | AOABBEE267_MYTGA AOABB6E267 Glutathione S-transferase 1 P1556
tr| AOABB6E2D1 | AOABB6E2D1_MYTGA AOASB6E2D1 Complex il subunit 9 1 P1557
tr| AOABB6E2D9 | AOABBE2DI_MYTGA AOABB6E2D9 WASH complex subunit strumpellin 1 P1558
tr| AOABB6E2F1 | AOABBGE2F1_MYTGA AOABBGE2F1 N-acylethanolamine-hydrolyzing acid amidase 1 P1559
tr| AOABB6E2US | AOABB6E2US_MYTGA AOABB6E2U8 Ras-related protein Rab-10 1 P1560
tr| AOABBGE3F6 | AOABBGE3F6_MYTGA AOABBGE3F6 L-fucose mutarotase 1 P1561
tr| AOABB6E3GO | AOABBGE3GO_MYTGA AOABBGE3GO glutamate synthase (ferredoxin) 1 P1562
tr| AOABB6E3K1 | AOASBEE3K1_MYTGA AOABBGE3K1 Lamin-B receptor (Fragment) 1 P1563
tr| AOASBGE3V3 | AOASBEE3V3_MYTGA AOASB6E3V3 L-dopachrome isomerase 1 P1564
tr| AOABB6EA03 | AOASBEEA03_MYTGA AOABB6E403 Piezo-type itive ion channel 1 P1565
tr| AOABB6EA06 | AOASBEEA0E_MYTGA AOABB6E406 Ribose-phosphate pyrophosphokinase N-terminal domain-c: 1 P1566
tr| AOABBGEANG | AOABBEEANG_MYTGA AOABBGEANG Sialate O-acetylesterase 1 P1567
tr| AOABB6ESS82 | AOASBEES82_MYTGA AOABBGES82 SMP-30/Gluconolactonase/LRE-like region domain-containi 1 P1568
tr| AOABBGESFS | AOABBGESF5_MYTGA AOABBGESFS Fused 1 P1569
tr| AOABBGESJ9 | AOABBBESI9_MYTGA AOABBGES]9 Nucleolysin TIA-1/TIAR 1 P1570
tr| AOABBGEGES | AOABBGEGES_MYTGA AOABBGESES N-terminal amino-acid N(alpha)-acetyltransferase NatA 1 P1571
tr| AOABBGEGL | AOABBGE6LO_MYTGA AOABBGEGLY Carboxypeptidase 1 P1572
tr| AOABB6E721 | ADASBEE721_MYTGA AOABB6E721 FERM domain-containing protein 1 P1573
tr| AOABB6ESSS | AOASBEESSS_MYTGA AOABBGES8S Gelsolin-like domain-containing protein 1 P1574
tr| AOABBGEBG2 | AOABBGESG2_MYTGA AOABBGESG2 Mitochondria-eating protein 1 P1575
tr| AOABBGESH4 | AOABBGESHA_MYTGA AOASBGESH4 SH3 domain-binding glutamic acid-rich protein 1 P1576
tr| AOABBGESK1 | AOASBEESK1_MYTGA AOABBGESK1 non-specific serine/threonine protein kinase 1 P1577
tr| AOABBGESR1 | AOASBGESR1_MYTGA AOABBGESR1 Hsp90 chaperone protein kinase-targeting subunit 1 P1578
tr| AOABBGEIES | AOABBGESES_MYTGA AOABBGEIES 3 ines" 1 P1579
tr| AOABBGEI1 | ADASBEEOI1_MYTGA AOABBGEII1 RRM domain-containing protein 1 P1580
tr| AOABBEEINO | AOABBEEINO_MYTGA AOABBGEINO Lipopolysaccharide-binding protein 1 P1581
tr] AOABBEEIWS | AOABBEEIWS_MYTGA AOABBEEIWS Uncharacterized protein 1 P1582
tr| AOASBGEA29 | ADABBEEA29_MYTGA AOABBEEA29 Ectoine hydroxylase 1 P1583
tr| AOABB6EA34 | ADASBEEA34_MYTGA AOABBGEA34 Calponin-homology (CH) domain-containing protein 1 P1584
tr| AOABB6EA93 | ADASBEEAI3_MYTGA AOABBGEA93 Transmembrane protein 214 1 P1585
tr| AOABBGEAES | AOABBGEAES_MYTGA AOABBGEAES Uncharacterized protein 1 P1586
tr| AOABBGEAP2 | AOASBEEAP2_MYTGA AOABBGEAP2 Domain of unknown function with conserved HDNR motif d: 1 P1587
tr| AOABBGEBI9 | ADASBEEBI9_MYTGA AOABBGEB99 Thiaminase-2/PQQC domain-containing protein 1 P1588
tr| AOABBGEBFO | AOABBGEBF9_MYTGA AOABBGEBF9 Upf1 domain-containing protein 1 P1589
tr| AOABBGEBS6 | AOABBGEBS6_MYTGA AOABBGEBS6 C2 domain-containing protein 1 P1590
tr| AOABBGEC67 | AOASBEEC67_MYTGA AOABBGEC67 Lamin B 1 P1591
tr| AOABBGECBO | AOASBGECBO_MYTGA AOABBGECBO Lectin, mannose-binding 2 1 P1592
tr| AOABB6ECCS | AOASBEECCS_MYTGA AOABBGECCS U6 snRNA-associated Sm-like protein LSm6 1 P1593
tr| AOABBGECI2 | AOABBGECI2_MYTGA AOABBGECI2 UNC-45/Cro1/Shed central domain-containing protein 1 P1594
tr| AOABBGECL7 | AOABBGECL7_MYTGA AOABBGECLT Anhydro-N-acetylmuramic acid kinase 1 P1595
tr| AOABBGECR6 | AOASBGECRE_MYTGA AOABBGECR6 Reticulon-like protein 1 P1596
tr| ADABBGECUS | AOABBEECUS_MYTGA AOABBGECUS 1tRNA plex-i ing 1 P1597
tr| AOABB6EDSS | AOASBEEDS8_MYTGA AOABBGEDSS RNAhelicase 1 P1598
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tr| AOASBGEEO3 | AOABBGEEO3_MYTGA AOABBGEEO3 Leucyl aminopeptidase (Fragment) 1 P1599
tr| AOASBGEE1L0 | AOABBGEE10_MYTGA AOASBGEELD Vitellogenin domain-containing protein (Fragment) 1 P1600
tr| AOASBGEE61 | AOABBGEE61_MYTGA AOABBGEEG1 Protein kinase domain-containing protein 1 P1601
tr| AOASBGEEC2 | AOABBEEC2_MYTGA AOABBGEEC2 2P domain-containing protein 1 P1602
tr| AOASBGEEWO| AOASBEEEWO_MYTGA AOASBEEEWO DNA-dependent protein kinase catalytic subunit (Fragment) 1 P1603
tr| AOASBGEEX1 | AOABBGEEX1_MYTGA AOABBGEEX1 Protein BCCIP homolog 1 P1604
tr| AOASBGEF31 | AOABBGEF31_MYTGA AOASBGEF31 WSC domain-containing protein 1 P1605
tr| AOASBGEF73 | AOABBGEF73_MYTGA AOABBGEF73 DUF885 domain-containing protein 1 P1606
tr| AOASBGEFB1 | AOABBGEFB1_MYTGA AOASBGEFB1 Dynein heavy chain, axonemal 1 P1607
tr| AOASBGEFI6 | AOASBGEFI6_MYTGA AOABBEEFI6 Peroxisomal trans-2-enoyl-CoA reductase 1 P1608
tr| AOASBGEG28 | ADABBEEG28_MYTGA AOASBEEG28 RING-type E3 ubiquitin transferase 1 P1609
tr| AOASBGEGAS | AOABBEEGAS_MYTGA AOABBGEGAS Anoctamin 1 P1610
tr| AOASBGEGS3 | ADABBEEGS3_MYTGA AOASBEEGS3 Large ribosomal subunit protein mL44 (Fragment) 1 P1611
tr| AOASBGEGNI | AOASBGEGNI_MYTGA AOASBEEGN Protein phosphatase 1 regulatory subunit 10 1 P1612
tr| AOASBGEGY2 | ADABBEEGY2_MYTGA AOABBEEGY2 Endoplasmic reticulum-Golgi intermediate compartment pr 1 P1613
tr| AOASBGEHS7 | ADABBEEHS7_MYTGA AOASBEEHS7 C-type lectin domain-containing protein 1 P1614
tr| AOASBGEHCS | AOABBEEHCS_MYTGA AOASBEEHCS Nuclear pore complex protein Nup153 1 P1615
tr| AOASBGEHD1 | AOASBGEHD1_MYTGA AOASBEEHD1 Nuclear pore complex protein 1 P1616
tr| AOASBGEHI7 | AOABBGEHI7_MYTGA AOABBGEHI7 H/ACA ribonucleoprotein complex subunit 1 P1617
tr| AOASBGEHX6 | ADABBEEHXE_MYTGA AOASBGEHX6 Metalloendopeptidase 1 P1618
tr| AOASBGEIB) | ADASBGEIB9_MYTGA AOABBGEIB9 Dynactin 1 (Fragment) 1 P1619
tr| AOASBGEIAL | AOABBEEIAL_MYTGA AOASBEEIAL Protein quiver 1 P1620
tr| AOASBGEIHO | AOABBGEIHI_MYTGA AOABBGEIH9 Phosphotransferase 1 P1621
tr| AOASBGELI7 | ADABBGEL7_MYTGA AOABB6EL7 Ig-like domain-containing protein 1 P1622
tr| AOASBGEIXS | AOABBEEIXS_MYTGA AOABBGEIXS ADP-ribosylation factor 6 1 P1623
tr| AOASBGEIZ7 | AOABBGEIZ7_MYTGA AOABBEEIZ7 RNA helicase (Fragment) 1 P1624
tr| AOASBGEI38 | ADABB6EI38_MYTGA AOASBEEI38 Carbonic anhydrase 1 P1625
tr| AOASBGEIGS | AOABBGEIGS_MYTGA AOASBGEIGS Inter-alpha-trypsin inhibitor heavy chain H3-like 1 P1626
tr| AOASBGEKOO | AOABBEEKOO_MYTGA AOABBEEK0O Protein kinase C gamma type (Fragment) 1 P1627
tr| AOASBGEK38| AOABBEEK38_MYTGA AOASBGEK38 Prostaglandin E synthase 2 1 P1628
tr| AOASBGEKG0| AOASBEEKE0_MYTGA AOABBGEKEO Tubulin alpha chain 1 P1629
tr| AOASBGEK77 | ADASBEEK77_MYTGA AOABBEEK77 Alcohol dehydrog like C-terminal domai ining £ 1 P1630
tr| AOASBGEK)7 | AOABBGEK)7_MYTGA AOABBGEK)7 Arfaptin 1 P1631
tr| AOASBGEKU7 | AOABBEEKU7_MYTGA AOASBEEKU7 Nucleoside diphosphate kinase 1 P1632
tr| AOASBGEKY4 | AOABBGEKY4_MYTGA AOASBGEKY4 THO complex subunit 2 1 P1633
tr| AOASBGEKZ3 | AOABBGEKZ3_MYTGA AOASBGEKZ3 Polycystin 2 1 P1634
tr| AOASBGELF4 | AOABBGELFA_MYTGA AOASBGELF4 ADP-ribosylation factor-like protein 3 1 P1635
tr| AOASBGELNG | AOASBEELNG_MYTGA AOASBGELNG Ciliogenesis-associated TTC17-interacting protein 1 P1636
tr| AOASBGELQ2 | AOASBEELQ2_MYTGA AOASBEELQ2 B3/B4 tRNA-binding domain-containing protein 1 P1637
tr| AOASBGELV7 | AOABBGELV7_MYTGA AOASBGELV7 Leucine-rich repeat-containing protein 59 1 P1638
tr| AOASBGEM39| AOASBEEM39_MYTGA AOASBEEM39 Signal recognition particle subunit SRP72 1 P1639
tr| AOASBGEMA7 | AOABBEEMAT_MYTGA AOASBEEMAT CCHC-typezinc finger nucleic acid binding protein 1 P1640
tr| AOASBGEM73 | ADASBEEM73_MYTGA AOASBEEM73 Signal recognition particle subunit SRP72 1 P1641
tr| AOASBGEMDG | AOABBEEMD6_MYTGA AOASBEEMD6 NADH dehydrogenase i 1alpha sub 1 P1642
tr| AOASBGEMI4 | AOABBEEMIA_MYTGA AOASBEEMI4 VWFA domain-containing protein 1 P1643
tr| AOASBGEN17 |ADABBGEN17_MYTGA AOASBEEN17 605 ribosomal protein L35 1 P1644
tr| AOASBGEN93 | AOABBEENI3_MYTGA AOASBGEN93 Phosphoinositide phospholipase C 1 P1645
tr| AOASBGEP28| AOASBEEP28_MYTGA AOASBEEP28 Selenide, water dikinase 1 P1646
tr| AOASBGEP29| AOABBEEP29_MYTGA AOASBEEP29 Large ribosomal subunit protein eL43 1 P1647
tr| AOABBGEP93 | ADASBEEPI3_MYTGA AOASBGEP93 UspA domain-containing protein 1 P1648
tr| AOASBGEPB2 | AOASBEEPB2_MYTGA AOASBEEPB2 Kinesin light chain 1 P1649
tr| AOASBGEPF3 | AOABBGEPF3_MYTGA AOASBGEPF3 CSD domain-containing protein 1 P1650
tr| AOASBGEP)8 | AOASBGEPIS_MYTGA AOABBGEPI8 EF-hand domain-containing protein 1 P1651
tr| AOASBGEPT1 | AOABBGEPT1_MYTGA AOASBGEPTL Tropomodulin 1 P1652
tr| AOASBEEQAO | AOABBEEQAO_MYTGA AOASBEEQAO Uncharacterized protein 1 P1653
tr| AOASBGEQG1 | AOASBGEQGL_MYTGA AOASBGEQGL Tubulin beta chain 1 P1654
tr| AOASBGEQGS | AOASBGEQGS_MYTGA AOASBEEQGS Fibrinogen C-terminal domain-containing protein 1 P1655
tr| AOASBGEQ)7 | AOABBEEQ)7_MYTGA AOASBGEQ)7 Uncharacterized protein 1 P1656
tr| AOASBGEQL7 | AOASBEEQL7_MYTGA AOASBEEQL7 DNA polymerase alpha subunit B 1 P1657
tr| AOASBGEQS7 | AOABBEEQS7_MYTGA AOA8BEEQS7 Cation-dependent mannose-6-phosphate receptor 1 P1658
tr| AOABBGER19 | AOASBEER19_MYTGA AOABBGER19 Ubiquitin-like modifier-activating enzyme 5 1 P1659
tr| AOASBGERSS | AOASBEERSS_MYTGA AOASBGERSS Rhodanese domain-containing protein 1 P1660
tr| AOASBGERH4 | AOABBEERHA_MYTGA AOASBGERH4 HHIP-like protein 1 1 P1661
tr| AOASBGERNS | AOABBGERNS_MYTGA AOABBEERNS Eukaryotic translation initiation factor 4C 1 P1662
tr| AOASBGERWS | AOABBEERWS_MYTGA AOASBEERWS Spectrin beta 1 P1663
tr| AOASBGES21 | ADABBEES21_MYTGA AOABBGES21 Kynurenine formamidase 1 P1664
tr| AOASBGES22 | AOABBGES22_MYTGA AOABB6ES22 Sorting nexin 1 P1665
tr| AOASBGET20 | AOABBEET20_MYTGA AOABBEET20 Importin-5 1 P1666
tr| AOASBGET28 | AOABBGET28_MYTGA AOASBGET28 Heat shock 70 kDa protein 1 P1667
tr| AOASBGET74 | AOABBGET74_MYTGA AOASBGET74 Uncharacterized protein 1 P1668
tr| AOASBGETI3 | AOABBGETI3_MYTGA AOABBGETI3 Protein OSCP1 1 P1669
tr| AOASBGETNA | AOABBEETNA_MYTGA AOASBEETN4 C-typelectin domain-containing protein 1 P1670
tr| AOASBGEUB2 | AOABB6EUB2_MYTGA AOASBEEUB2 Cytochrome P450, family 20, subfamily A 1 P1671
tr| AOASBGEU)4 | AOABBGEU)4_MYTGA AOASBGEUJ4 Serine/threonine-protei 2Aregulatory subuni 1 P1672
tr| AOASBGEUV2 | ADABBEEUV2_MYTGA AOASBEEUV2 Idehyd domain- protein 1 P1673
tr| AOASBGEV33 | ADASBEEV33_MYTGA AOASBEEV33 DUF19 domain-containing protein 1 P1674
tr| AOASBGEVS3 | AOASBEEVS3_MYTGA AOABBGEVS3 Ig-like domain-containing protein (Fragment) 1 P1675
tr| AOASBGEV7 1| ADASBEEV71_MYTGA AOABBEEV71 Granulins domain-containing protein 1 P1676
tr| AOASBGEVC3 | AOABBEEVC3_MYTGA AOASBEEVC3 Calcium uniporter protein (Fragment) 1 P1677
tr| AOABBGEV)7 | ADASBEEVI7_MYTGA AOABBGEV)7 Mitochondrial import receptor subunit TOM40 1 P1678
tr| AOASBGEVK6 | ADASBEEVKE_MYTGA AOASBEEVKE Importin-5 1 P1679
tr| AOASBEEVM?7 | AOASBEEVM7_MYTGA AOASBEEVM7 Uncharacterized protein 1 P1680
tr| AOASBGEW2S | AOABBEEW25_MYTGA AOASBEEW25 Uncharacterized protein 1 P1681
tr| AOASBGEW31|ADABBEEW31_MYTGA AOASBEEW31 Erythrocyte band 7 integral membrane protein 1 P1682
tr| AOASBEEWBE | AOABBEEWB6_MYTGA AOASBEEWBG 15T1 homolog 1 P1683
tr| AOASBGEWF3 | AOASBEEWF3_MYTGA AOASBEEWF3 lutamine-fr tr (isomerizing 1 P1684
tr| AOASBGEWM2 | AOABBEEWM2_MYTGA AOASBEEWM2 long-chain-fatty-acid~CoA ligase 1 P1685
tr| AOASBEEWX1 | ADABBEEWX1_MYTGA AOASBEEWX1 Signal transducer and activator of transcription 5B 1 P1686
tr| AOASBGEX90| ADASBEEX90_MYTGA AOABBEEX90 Uncharacterized protein 1 P1687
tr| AOASBGEX98| AOABBEEX98_MYTGA AOASBEEX98 Uncharacterized protein 1 P1688
tr| AOABBGEX)9 | ADASBEEXI9_MYTGA AOABBGEXJ9 m7GpppX diphosphatase 1 P1689
tr| AOASBGEXX3 | ADABBEEXX3_MYTGA AOABBEEXX3 Uncharacterized protein 1 P1690
tr| AOASBGEXY4 | AOABBGEXY4_MYTGA AOABBGEXY4 RRM domain-containing protein 1 P1691
tr| AOASBGEY18 | AOABBGEY18_MYTGA AOABBGEY18 Lysosomal-associated transmembrane protein 1 P1692
tr| AOASBGEYL1|ADASBGEYL1_MYTGA AOASBGEYLL Cathepsin L 1 P1693
tr| AOASBGEYQE | AOASBEEYQS_MYTGA AOASBGEYQS Uncharacterized protein 1 P1694
tr| AOASBGEYVO | AOABBGEYVO_MYTGA AOASBEEYVO Prolyl-tRNA synthetase 1 P1695
tr| AOASBGEZ75 | AOABBGEZ75_MYTGA AOABBEEZ75 Ubiquilin 1 P1696
tr| AOASBGEZMG | AOASBEEZME_MYTGA AOASBEEZM6 Homocysteine S-methyltransferase 1 P1697
tr| AOASB6FOD6 | ADABB6FODE_MYTGA AOASBEFOD6 UDP-glucose 4-epimerase 1 P1698
tr| AOASBGFOL3 | AOABB6FOL3_MYTGA AOASBEFOL3 Histone H1/5 1 P1699
tr| AOASBEFOTS | AOABBGFOTS_MYTGA AOABBEFOTS ADP-ribosylation factor-like protein 1 1 P1700
tr| AOASBGF1F9 | AOABB6F1F9_MYTGA AOABBEF1F9 G-protein coupled receptor 158 1 P1701
tr| AOASBGF1K9| AOABBEF1K9_MYTGA AOA8BEF1K9 NADPH2:quinone reductase 1 P1702
tr| AOASB6F2E2 | AOABB6F2E2_MYTGA AOASBEF2E2 Small subunit ribosomal protein S30e 1 P1703
tr| AOASBGF2W4 | ADABB6F2W4_MYTGA AOASBEF2W4 Uncharacterized protein 1 P1704
tr| AOASBGF3A2 | AOASBEF3A2_MYTGA AOASBEF3A2 208 proteasome subunit alpha 1 1 P1705
tr| AOASB6F3D4 |ADABBEF3DA_MYTGA AOA8BEF3D4 Maestro heat-like repeat-containing protein family member 1 P1706
tr| AOASB6F3Q0|ADABBEF3Q0_MYTGA AOA8BEF3Q0 PUA domain protein 1 P1707
tr| AOABB6F3T1 | ADABBEF3T1_MYTGA AOABB6F3TL 5'nucleotidase 1 P1708
tr| AOASB6F3US |ADABB6F3US_MYTGA AOASBEF3U8 ylate kinase-like domain-containing protein 1 P1709
tr| AOASBGFAAT | AOABBEFAAL_MYTGA AOASBEFAAL Histone H2A 1 P1710
tr| AOASBGF4MO| ADABBEFAMO_MYTGA AOASBEFAMO reticulum p 1 P1711
tr| AOASBGF5B4 | ADASBEF5BA_MYTGA AOASBEF5BA EF-hand domain-containing protein 1 P1712
tr| AOASBEFS512| AOABBEFSI2_MYTGA AOABBEFSI2 Uncharacterized protein 1 P1713
tr| AOASB6F5U6 | ADABBEF5UE_MYTGA AOABBEF5UG MAM domain-containing protein 1 P1714
tr| AOASBGF5Y0 | AOABB6FSYO_MYTGA AOABBEF5Y0 NADH dehydrogenase [ubii 1beta subu 1 P1715
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tr| AOABB6F658 | AOASBEF658_MYTGA AOABB6F658 Uncharacterized protein 1 P1716
tr| AOABB6F6K3 | AOASBEF6K3_MYTGA AOABBGFEK3 alpha-L-fucosidase 1 P1717
tr| AOABB6F6S0 | AOABBEFESO_MYTGA AOABB6FES0 NADH dehydrogenase (Ubiquinone) Fe-S protein 8 1 P1718
tr| AOASBGF7R2 | AOABBEF7R2_MYTGA AOASBEF7R2 S-phase kinase-associated protein 1 1 P1719
tr| AOABB6F881 | ADASBEF881_MYTGA AOABB6F881 Pantetheine hydrolase 1 1720
tr| AOABB6F888 | AOASBEF888_MYTGA AOABB6F888 EF-hand domain-containing protein 1 P1721
tr| AOABB6FBK4 | AOABBEF8KA_MYTGA AOABBGF8KA Ctype lectin domain family 10 member A 1 P1722
tr| AOABB6FSTO | AOABBGFSTI_MYTGA AOABB6FSTY Peptidyl-prolyl cis-transisomerase 1 P1723
tr| AOABB6FBUG | AOABBEF8UE_MYTGA AOABBEFBUG FAD i domai ining protein 1 P1724
tr| AOABB6FBX1 | ADABBEFEX1_MYTGA AOABB6F8X1 malate synthase 1 P1725
tr| AOABB6F978 | AOASBEFI78_MYTGA AOABB6F978 GDP-mannose4,6-dehydratase 1 P1726
tr| AOABB6FIG2 | AOABBEFIG2_MYTGA AOABB6FIG2 Cohesin complex subunit SA-1/2 1 P1727
tr| AOABB6FIGS | AOABBEFIGB_MYTGA AOABB6FIG8 Glutaredoxin-1 1 P1728
tr| AOABB6FIRI | AOASBEFIR9_MYTGA AOABB6FIR9 Phosphodiesterase 1 P1729
tr| AOASB6FIY3 | ADABBEFIY3_MYTGA AOABB6FIY3 Nascent polypeptide-associated complex subunit alpha 1 P1730
tr| AOABB6FA18 | ADASBEFAL8_MYTGA AOABBGFAL8 Arp2/3 complex 41 kDa subunit 1 P1731
tr| AOABB6FA40 | AOASBEFA40_MYTGA AOABBEFA40 Guanine nucleotide-binding protein subunit alpha-12 1 P1732
tr| AOABB6FB74 | ADASBEFB74_MYTGA AOABBGFB74 Dynein heavy chain, axonemal (Fragment) 1 P1733
tr| AOABB6FBAL | AOASBEFBAL_MYTGA AOABB6FBAL Serine/threonine-protei 2Aregulatory subuni 1 P1734
tr| AOABBGFBT1 | AOABBEFBT1_MYTGA AOABB6FBTL Sidoreflexin 1 P1735
tr| AOABB6FBU3 | AOABB6FBU3_MYTGA AOASB6FBU3 Homogentisate 1,2-dioxygenase 1 P1736
tr| AOABB6FBW2 | AOABBFBW2_MYTGA AOABBEFBW2 Transforming growth factor beta-1-induced transcript 1 prot 1 P1737
tr| AOASBGFCB1| AOABBEFCB1_MYTGA AOA8BEFCB1 Serine/threonine-protein kinase NIM1 1 P1738
tr| AOABBGFCI7 | AOABBGFCI7_MYTGA AOABBGFCI7 ribose-5-phosphate isomerase (Fragment) 1 P1739
tr| AOABB6FCMA4 | ADABBEFCMA4_MYTGA AOABB6FCMA4 Lipocalin/cytosolic fatty-acid binding domain-containing pr 1 P1740
tr| AOABBGFCRS | AOABBEFCRS_MYTGA AOABBGFCRS EF-hand domain-containing family member C2 1 P1741
tr| AOABB6FD26 | AOABB6FD26_MYTGA AOABB6FD26 Transglutaminase 1 1 P1742
tr| AOABBEFDM2 | AOABB6FDM2_MYTGA AOABBEFDM2 Signal peptidase complex subunit 3 1 P1743
tr| AOABB6FDQ4 | ADABBEFDQA_MYTGA AOABBGFDQ4 Structural maintenance of chromosomes protein 1 P1744
tr| AOABB6FDU3 | AOASBEFDU3_MYTGA AOASBGFDU3 Dynein heavy chain, axonemal 1 P1745
tr| AOABB6FF27 | AOABBEFF27_MYTGA AOABB6FF27 Histone H2A 1 P1746
tr| AOABBGFFWS | AOABBEFFWS_MYTGA AOABBGFFWS Uncharacterized protein 1 P1747
tr| AOABB6FGA4 | AOABBEFGA_MYTGA AOABBEFGA4 Twinfilin 1 P1748
tr| AOABB6FGEQ | AOASBEFGE9_MYTGA AOA8BEFGE9 E2 ubiquitin-conjugating enzyme 1 P1749
tr| AOABB6FGF4 | AOASBEFGFA_MYTGA AOABBGFGF4 Uncharacterized protein 1 P1750
tr| AOABBEFGWS | ADASBEFGWS_MYTGA AOABB6FGWS Replication factor C subunit 3/5 1 P1751
tr| AOABB6FH74 | AOABB6FH74_MYTGA AOABBGFH74 kynurenine-oxoglutarate transaminase 1 P1752
tr| AOABB6FH76 | AOABB6FH76_MYTGA AOABBGFH76 LIM domain-binding protein 3 1 P1753
tr| AOABBEFHMS3 | AOABB6FHM3_MYTGA AOABBEFHM3 Tudor domain-containing protein 1/4/6/7 1 P1754
tr| AOABBGFHP7 | AOABB6FHP7_MYTGA AOABBGFHP7 Myosin XVIII 1 P1755
tr| AOABB6FHS9 | AOASBEFHS9_MYTGA AOABB6FHS9 Ribonuclease H2 subunit B 1 P1756
tr| AOASB6FHVO | AOABBEFHVO_MYTGA AOASBEFHVO Niemann-Pick C1 protein 1 P1757
tr| AOABBGFICS | AOABBEFICS_MYTGA AOABGFICS PremRNA-splicing factor SYF1 1 P1758
tr| AOABB6FIHO | AOABBEFIHO_MYTGA AOABB6FIHY glycogenin glucosyltransferase 1 P1759
tr| AOASBGFII4 | AOABBEFII4_MYTGA AOABBEFII4 Idehyd d protein 1 P1760
tr| AOABB6F)I8| AOABBGF)I8_MYTGA AOABBGFII8 DUF1279 domain-containing protein 1 P1761
tr| AOABB6FIKO | AOABBEFIKO_MYTGA AOABB6FIKO Protein phosphatase 18 1 P1762
tr| AOABB6FIM3 | AOABBEFIM3_MYTGA AOABBGFIM3 Sulfotransferase domain-containing protein 1 P1763
tr| AOABB6FIP1 | AOASB6FIP1_MYTGA AOABB6FIP1 Sorting nexin-9/18/33 1 P1764
tr| AOABBGFIRG | AOASBEFIR6_MYTGA AOABBGFIR6 Protein YIPF (Fragment) 1 P1765
tr| AOABB6FIS1 | ADABBEFIS1_MYTGA AOABBGFIS1 Cilia-and flagella-associated protein 299 1 P1766
tr| AOABB6FKIO | AOABBEFKIO_MYTGA AOABB6FKI0 Hsp70-interacting protein 1 P1767
tr| AOASBGFKTO | AOABBEFKTO_MYTGA AOABBEFKTO 605 ribosomal protein L7a (Fragment) 1 P1768
tr| AOABB6FLA4 | AOABBGFLA4_MYTGA AOABB6FLA4 PNPLA domain-containing protein 1 P1769
tr| AOABBGFLR3 | AOABBGFLR3_MYTGA AOABBGFLR3 NADH dehydrogenase [ubii 1alpha subl 1 P1770
tr| AOABBGFLW2 | AOABBEFLW2_MYTGA AOABBGFLW2 U6 snRNA-associated Sm-like protein LSm3 1 P1771
tr| AOABB6FMGS | AOABBGFMGS_MYTGA AOABB6FMGS Uncharacterized protein 1 P1772
tr| AOABBGFMI2 | AOABBEFMI2_MYTGA AOABBEFMI2 Ras suppressor protein 1 1 P1773
tr| AOABBGFNIS | AOABB6FNIS_MYTGA AOABBGFNIS RAP domain-containing protein 1 P1774
tr| AOABB6FNJ 1| AOABBSFNI1_MYTGA AOABBGFNJ1 N-acetylgalactosamine kinase 1 P1775
tr| AOABBGFNQS | AOASBEFNQS_MYTGA AOABBGFNQS Transcription elongation factor 1 P1776
tr| AOABBEFNW3 | ADASBEFNW3_MYTGA AOABB6FNW3 Transmembrane protein 33 1 P1777
tr| AOABB6FNXO | AOABBEFNXO_MYTGA AOABBEFNXO Peroxisomal 3,2-trans-enoyl-CoA isomerase 1 P1778
tr| AOASBGFNY1| ADABBEFNY1_MYTGA AOABBEFNY1 Small ribosomal subunit protein es28 (Fragment) 1 P1779
tr| AOABB6FP56 | AOASBEFPS6_MYTGA AOABB6FPS6 Transcription elongation factor B, polypeptide 2 1 1780
tr| AOABBEFP60 | AOASBEFP60_MYTGA AOABBEFP60 C1q domain-containing protein 1 P1781
tr| AOABBGFPEO | AOABBGFPEO_MYTGA AOABBGFPEQ Cytoskeleton-associated protein 5 1 P1782
tr| AOABB6FPG3 | AOABB6FPG3_MYTGA AOABB6FPG3 Uncharacterized protein 1 P1783
tr| AOABBEFPGS | AOABBEFPGS_MYTGA AOABBEFPGS H-type lectin domain-containing protein 1 P1784
tr| AOABB6FPMS | AOABBEFPMS_MYTGA AOABB6FPMS Uncharacterized protein 1 P1785
tr| AOABB6FPV6 | AOASBEFPVE_MYTGA AOABBGFPV6 Succinate-semialdehyde dehydrogenase 1 P1786
tr| AOASB6FPZ4 | AOABBEFPZ4_MYTGA AOASBEFPZ4 WD repeat-containing protein 63 1 P1787
tr| AOABB6FQLO | ADASBEFQLO_MYTGA AOABBGFQLO Uncharacterized protein 1 1788
tr| AOABB6FQYS | AOASBEFQYS_MYTGA AOABBGFQYS Transcription elongation regulator 1 1 P1789
tr| AOABBGFRE2 | AOABBGFRE2_MYTGA AOABBGFRE2 Uncharacterized protein 1 P1790
tr| AOABB6FRGS | AOABBEFRGB_MYTGA AOABBGFRGS Vitellogenin receptor (Fragment) 1 P1791
tr| AOABBGFRNG | AOABBEFRNG_MYTGA AOABBGFRNG EF-hand domain-containing protein 1 P1792
tr| AOABB6FS13 | AOABBGFS13_MYTGA AOABB6FS13 Tubulin beta chain 1 1793
tr| AOABB6FS49 | AOABBEFS49_MYTGA AOABB6FS49 Chromobox protein 1 1 P1794
tr| AOABB6FS62 | AOABBEFS62_MYTGA AOABB6FS62 Uncharacterized protein 1 P1795
tr| AOABB6FSC2 | AOABBGFSC2_MYTGA AOABB6FSC2 Uncharacterized protein 1 P1796
tr| AOABB6FSC3 | AOABBGFSC3_MYTGA AOABB6FSC3 splicing factor, arginine/serine-rich 4/5/6 1 P1797
tr| AOASBGFSM2 | AOASBGFSM2_MYTGA AOASBEFSM2 Lysosomal protein NCU-G1 1 P1798
tr| AOABBBFSYS | AOABB6FSYS_MYTGA AOABBGFSYS Outer dense fiber protein 2 1 P1799
tr| AOABB6FTA9 | AOABBEFTA9_MYTGA AOABB6FT49 Erythrocyte membrane protein band 4.1 1 P1800
tr| AOABBGFTKS | AOABBGFTKS_MYTGA AOABBGFTKS Ubiquitin-ribosomal protein eL40 fusion protein (Fragment) 1 P1801
tr| AOABB6FTPS | AOABBGFTP8_MYTGA AOABBGFTPS VWFA domain-containing protein 1 P1802
tr| AOABBGFTTS | AOABBEFTTS_MYTGA AOABBGFTTS Copine-8 1 P1803
tr| AOABBGFTTO | AOABB6FTTI_MYTGA AOABBGFTT9 C-type lectin domain-containing protein 1 1804
tr| AOABBSFTWS | AOABBEFTWS_MYTGA AOABBEFTWS Peptidyl-prolyl cis-trans isomerase 1 P1805
tr| AOASB6FU21|AOABBEFU21_MYTGA AOASBEFU21 alpha-L-fucosidase 1 P1806
tr| AOABB6FU44 | AOABB6FU44_MYTGA AOABB6FU44 coproporphyrinogen oxidase 1 P1807
tr| AOABB6FUG4 | AOABBEFUSA_MYTGA AOABBGFUG4 Fascin 1 P1808
tr| AOABB6FUEG | AOABBEFUES_MYTGA AOABBGFUEG NADH dehydrogenase (Ubiquinone) 1 beta subcomplex subu 1 P1809
tr| AOABB6FUIG | AOASB6FUI6_MYTGA AOABB6FUI6 CDKS regulatory subunit-associated protein 3 1 P1810
tr| AOABBEFUK2 | AOABBEFUK2_MYTGA AOABBEFUK2 GTPase-activating protein and VPS9 domain-containing prot 1 P1811
tr| AOABBGFUQ1 | ADASBEFUQL_MYTGA AOABBGFUQL UBC core domain-containing protein 1 P1812
tr] AOABB6FUQ9 | ADASBEFUQI_MYTGA AOABBGFUQ9 CCDC81 HU domain-containing protein 1 P1813
tr| AOABBEFUY4 | AOASBEFUYA_MYTGA AOABBGFUY4 Regucalcin 1 P1814
tr| AOABB6FV39 | ADABBEFV39_MYTGA AOABB6FV39 Sterol carrier protein 2 1 P1815
tr| AOABB6FVS7 | AOASBEFV87_MYTGA AOABB6FV87 Cystatin domain-containing protein 1 P1816
tr| ADASBGFVI3 | ADABBEFVI3_MYTGA AOABBEFVI3 C1q domain-containing protein 1 P1817
tr| AOABB6FVLS | AOABBGFVLE_MYTGA AOABBGFVLS Uncharacterized protein 1 P1818
tr| AOABB6FVP7 | AOASBEFVP7_MYTGA AOABBGFVP7 OBG-type G domain-containing protein 1 P1819
tr| ADABBGFVYO | AOABBGFVY9_MYTGA AOABBGFVY9 Malonyl-CoA decarboxylase 1 P1820
tr| AOABB6FW32 | AOASB6FW32_MYTGA AOABB6FW32 Carbohydrate sulfotransferase 1 P1821
tr| AOABBEFWNS | AOASBEFWNS_MYTGA AOABBEFWNS Uncharacterized protein 1 P1822
tr| AOABB6FX39 | ADABBEFX39_MYTGA AOABB6FX39 Phosphohistidine phosphatase 1 P1823
tr| AOABBEFXKO | AOASBEFXKO_MYTGA AOABBEFXKO Cadherin domain-containing protein 1 P1824
tr| AOABB6FY22 | AOABBEFY22_MYTGA AOABB6FY22 DNA replication licensing factor MCMS (Fragment) 1 P1825
tr| AOABBGFYBS | AOABBGFYBS_MYTGA AOABBGFYBS small ribosomal subunit protein ms29 1 P1826
tr| AOABB6FYCS | AOABBGFYC5_MYTGA AOABBGFYCS Inositol polyphosphate 5-phosphatase INPP5B/F 1 P1827
tr| AOASBGFYQ7 | ADABBEFYQ7_MYTGA AOABBEFYQ7 alpha-L-fucosidase 1 P1828
tr| AOABB6FYR2 | AOABBGFYR2_MYTGA AOABBGFYR2 H15 domain-containing protein 1 1829
tr| AOABB6FZD3 | AOASBEFZD3_MYTGA AOABB6FZD3 non-specific serine/threonine protein kinase 1 P1830
tr| AOABB6FZI9 | AOABBGFZI9_MYTGA AOABBGFZI9 E2 ubiquitin-conjugating enzyme 1 P1831
tr| AOABB6FZN2 | AOASBEFZN2_MYTGA AOABB6FZN2 Transportin-1 1 P1832
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tr| AOABB6FZP6 | AOABBEFZP6_MYTGA AOABBGFZP6 Ras-related protein Rab-3C (Fragment) 1 P1833
tr| AOA8B6GO50 | AOA8B6GO50_MYTGA AOA8B6GO50 EF-hand domain-containing protein (Fragment) 1 P1834
tr| AOABB6GOS54 | ADASBEGO54_MYTGA AOABB6GO54 Glycogen [starch] synthase 1 P1835
tr| AOABB6GOMS | AOASBEGOMS_MYTGA AOABB6GOMS Peptidase A2 domain-containing protein 1 P1836
tr| AOABB6GOR1 | ADASBEGORL_MYTGA AOASB6GOR1 Peptidase M16 N-terminal domain-containing protein 1 P1837
tr| AOABB6GOY1 | AOABB6GOY1_MYTGA AOABB6GOYL ATP-dependent RNA helicase (Fragment) 1 P1838
tr|ADA8B6G142 | ADA8B6G142_MYTGA AOA8B6G142 Choline dehydrogenase 1 P1839
tr| AOABB6G181 |ADASB6G181_MYTGA AOA8B6G181 Proteasome subunit beta 1 P1840
tr| AOABB6G210 | AOASB6G210_MYTGA AOA8B6G210 Kindlin 2 1 P1841
tr| ADA8B6G3G3 | ADABB6G3G3_MYTGA AOA8B6G3G3 Golgi integral membrane protein 4 1 P1842
tr| AOABB6G424 | ADASBEGA24_MYTGA AOABB6GA24 splicing factor, proline-and glutamine-rich 1 P1843
tr| AOABB6GAD1 | ADABB6GAD1_MYTGA AOABB6GAD1 Translocon-associated protein subunit gamma 1 P1844
tr| AOA8B6GAHI | ADABB6GAHI_MYTGA ADA8B6GAHI Ras-related protein R-Ras2 1 P1845
tr] AOABB6GAKO | ADASBEGAKO_MYTGA AOABB6GAKO Low molecular weight phosphotyrosine protein phosphatas 1 P1846
tr| AOABB6G5CO | ADASBEGSCI_MYTGA AOABB6G5CO FK506-binding protein 4/5 1 P1847
tr| AOABB6GSG8 | ADABB6GSGE_MYTGA AOABB6G5GS Largeribosomal subunit protein uL15 1 P1848
tr| AOABB6GSQ9 | ADABBEG5Q9_MYTGA AOABB6G5Q9 DUF4795 domain-containing protein 1 P1849
tr|ADA8B6G713 | ADA8B6G713_MYTGA AOA8B6G713 Uncharacterized protein 1 P1850
tr| AOABB6G756 | ADASBEG756_MYTGA AOABB6G756 Largeribosomal subunit protein eL 14 1 P1851
tr| AOABB6G777 | ADASBEG777_MYTGA AOABB6G777 Chitinase 1 P1852
tr| AOA8B6G7A8 | AOABB6G7A8_MYTGA AOA8B6G7A8 EF-hand domain-containing protein 1 P1853
tr| AOABB6G7C8 | ADASBEG7C8_MYTGA AOABB6G7C8 DUF4201 domain-containing protein 1 P1854
tr|ADA8B6G7D2 | ADABB6G7D2_MYTGA AOA8BEG7D2 V-type proton ATPase subunit 1 P1855
tr| AOABB6G7G7 | AOABB6G7G7_MYTGA AOA8B6G7G7 Fragile X mental retardation protein 1 P1856
tr| AOABB6G7X6 | ADASBEG7X6_MYTGA AOABBEG7X6 Dynein heavy chain, axonemal 1 P1857
tr|AOA8B6G851|ADA8B6G851_MYTGA AOA8B6G851 pi like C-terminal d 1 P1858
tr| AOABB6GBHG | AOABBEGEHE_MYTGA AOABB6GEHSG Largeribosomal subunit protein eL31 1 P1859
tr| AOABB6GBK4 | ADASBEGBKA_MYTGA AOABB6GSK4 aldehyde dehydrogenase (NAD(+)) 1 P1860
tr| AOASB6G8Y8 | AOA8B6G8Y8_MYTGA AOA8B6G8Y8 Uncharacterized protein 1 P1861
tr| AOABB6GI18 | ADASBEGI18_MYTGA AOABB6GI18 Mitochondrial cytochrome ¢ oxidase subunit Vic/Viis domai 1 P1862
tr| AOABB6GIBO | ADASBEGIBO_MYTGA AOA8B6GI80 Uncharacterized protein 1 P1863
tr| ADABB6GIY3 | AOASB6GIY3_MYTGA AOASB6GIY3 Uncharacterized protein 1 P1864
tr| AOABB6GA24 | ADASBEGA24_MYTGA AOABB6GA24 Cilia-and flagella-associated protein 206 1 P1865
tr| AOA8B6GAC4 | AOABBEGACA_MYTGA AOA8BBEGACA Dynein axonemal heavy chain 1 P1866
tr| AOABB6GAM?7 | AOASB6GAM7_MYTGA AOASB6GAM7 Pre-mRNA-processing factor 6 1 P1867
tr| AOABBEGAN1 | AOABBEGAN1_MYTGA AOABB6GAN1 Dedicator of cytokinesis protein 1 (Fragment) 1 P1868
tr| AOA8B6GARO | AOABB6EGARO_MYTGA AOA8BEGARO Far upstream element-binding protein 1 P1869
tr] AOABB6GAXS | ADOASBEGAXS_MYTGA AOABBEGAXS Nuclear pore complex protein Nup37 1 P1870
tr| AOABB6GBO1 | ADASBEGBO1_MYTGA AOA8B6GBO1 Protein crumbs 1 P1871
tr| AOASB6GBBS | AOASB6GBBS_MYTGA AOA8B6GBB8 Uncharacterized protein 1 P1872
tr| AOABB6GBES | AOABBEGBES_MYTGA AOABB6GBES ATP synthase-coupling factor 6, mitochondrial (Fragment) 1 P1873
tr| AOABB6GBI7 | AOASBEGBJ7_MYTGA AOABB6GB)7 Malate dehydrogenase, mitochondrial 1 P1874
tr| AOA8B6GBM4 | AOASB6GBM4_MYTGA AOASB6GBM4 Dnal homolog subfamily C member 17 1 P1875
tr| AOABB6GBT4 | AOABBEGBTA_MYTGA AOABB6GBT4 £3 ubiquitin-protein ligase UBR4 1 P1876
tr| AOASB6GC89 | AOASBEGC8I_MYTGA AOABB6GC89 Uncharacterized protein 1 P1877
tr| AOABB6GCAS | AOASBEGCAS_MYTGA AOABB6GCAS Translocon-associated protein subunit delta 1 P1878
tr| AOABB6GCT4 | AOABBEGCTA_MYTGA AOABB6GCT4 Uncharacterized protein 1 P1879
tr| ADA8B6GCUS | ADABB6GCUS_MYTGA AOA8BBEGCUS Kynurenine 3-monooxygenase 1 P1880
tr| AOABB6GD57 | AOABBEGDS7_MYTGA AOABB6GDS7 Hydrocephalus-inducing protein 1 P1881
tr| AOABB6GD66 | ADABBEGDE6_MYTGA AOABB6GD66 Ferritin 1 P1882
tr| AOA8B6GD99 | ADABB6GDII_MYTGA AOA8B6GDI99 Intraflagellar transport protein 74 1 P1883
tr] AOABB6GEGS | AOASBEGEGS_MYTGA AOABB6GEGS Prostaglandin-H2 D-isomerase / glutathione transferase 1 P1884
tr| AOASB6GEP1|AOA8B6GEP1_MYTGA AOA8BEGEP1 EF-hand domain-containing protein 1 P1885
tr| AOABB6GF37 | AOABB6GF37_MYTGA AOABB6GF37 TBC1 domain family member 9 (Fragment) 1 P1886
tr| AOABB6GFC4 | AOABBEGFCA_MYTGA AOABB6GFCA EGF-like domain-containing protein 1 P1887
tr| ADA8B6GGO4 | ADABB6GGO4_MYTGA AOA8BEGGO4 alpha-L-fucosidase 1 P1888
tr| AOABB6GG4 | ADABBEGGI4_MYTGA AOABB6GGI4 Diazepam-binding inhibitor (GABA receptor modulator, acyl 1 P1889
tr| AOABBEGGM7 | AOABBEGGM?7_MYTGA AOABB6GGM7 Uncharacterized protein 1 P1890
tr|ADA8B6GGQ7 | AOABB6GGQ7_MYTGA AOA8B6GGQ7 Medium-chain specific acyl-CoA dehydrogenase, mitochond 1 P1891
tr] AOABB6GGW1 | ADASBEGGW1_MYTGA AOABB6GGW1 UspA domain-containing protein 1 P1892
tr| AOABB6GGY4 | ADASBEGGYA_MYTGA AOABB6GGY4 Uncharacterized protein 1 P1893
tr| AOA8B6GHOS | AOABBEGHOS5_MYTGA AOA8B6GHOS Striatin 1/3/4 1 P1894
tr| AOABB6GH15 | AOABBEGH15_MYTGA AOABB6GH15 Retinol dehydrogenase 13 1 P1895
tr| AOA8B6GH19 | ADABB6GH19_MYTGA AOA8BEGH19 Acetyl-CoA acyltransferase 1 1 P1896
tr| AOABB6GH37 | AOABBEGH37_MYTGA AOABB6GH37 Vesicle-associated membrane protein 3 1 P1897
tr| AOABBEGHGS | AOABBEGHGS_MYTGA AOABB6GHGS RNA-binding protein 39 1 P1898
tr| ADA8B6GHU1 | ADA8B6EGHU1_MYTGA AOA8BEGHU1 EF-hand domain-containing protein 1 P1899
tr| AOABB6GI23 | AOABB6GI23_MYTGA AOABB6GI23 Cytosolic Fe-S cluster assembly factor NUBP1 homolog 1 1900
tr| AOABB6GI34 | ADABBEGI34_MYTGA AOABB6GI34 B-cell receptor CD22 1 P1901
tr| AOA8B6GI86 | AOABB6GI86_MYTGA AOASB6GI86 Dynein light chain 1, axonemal 1 P1902
tr| AOABB6GII2 | ADASBEGLI2_MYTGA AOABB6GII2 Peroxiredoxin-like 2A 1 1903
tr| AOABB6GIT? | ADASBEGIT7_MYTGA AOABB6GIT? Glycine C-acetyltransferase 1 P1904
tr| ADABB6GIWS | ADABB6EGIWS_MYTGA ADA8B6GIWS Uncharacterized protein 1 P1905
tr| AOABB6GJAO | AOASBEGIAD_MYTGA AOABB6GJAQ lon transport domain-containing protein 1 P1906
tr| AOASB6GJAL |AOA8BEGIAL_MYTGA AOA8BEGJAL Prostaglandin reductase 1 1 P1907
tr| AOABB6GID7 | AOABB6GID7_MYTGA AOABB6GID7 Methylmalonyl-CoA/ethylmalonyl-CoA epimerase 1 P1908
tr| AOABB6GJI0 | AOABBEGII0_MYTGA AOABB6GII0 Uncharacterized protein 1 P1909
tr| ADASB6GJL8 | ADASB6GILE_MYTGA AOA8B6GILS ATP-dependent RNA helicase DDX1 1 P1910
tr] AOABB6GK8O | ADASBEGK8O_MYTGA AOABB6GK80 Phosphoinositide phospholipase C 1 P1911
tr| AOABB6GKB3 | AOASBEGKB3_MYTGA AOABB6GKB3 Uroporphyrinogen decarboxylase 1 P1912
tr| AOABB6GKBI | AOABBEGKBI_MYTGA AOABB6GKBI receptor protein-tyrosine kinase 1 1913
tr] AOABB6GKI2 | AOABBEGKI2_MYTGA AOABB6GKI2 Cleavageand polyadenylation specificity factor subunit 6 (Fr 1 P1914
tr| AOASB6GLS3 | AOABB6GLS3_MYTGA AOABB6GLS3 Kinesin-like protein 1 P1915
tr| AOABB6GLAG | AOABB6GLAG_MYTGA AOABB6GLAG DNA damage-inducible protein 1 1 P1916
tr| AOABB6GLG1 | ADASBEGLG1_MYTGA AOABB6GLG1 Beta-galactosidase 1 P1917
tr| ADASB6GLG4 | AOABBEGLGA_MYTGA AOA8B6GLGA Prefoldin subunit 1 1 P1918
tr| AOABB6GLM?7 | AOABBEGLM7_MYTGA AOABB6GLM7 Semaphorin 6 1 1919
tr| AOABB6GM25 | ADASBEGM25_MYTGA AOABB6GM25 UspA domain-containing protein 1 P1920
tr| AOA8B6GMA46 | AOABB6EGMA6_MYTGA AOA8BEGM46 Small subunit ribosomal protein $35 1 P1921
tr| AOABBEGMA7 | ADASBEGMA7_MYTGA AOABB6GMA7 Vacuolar protein sorting-associated protein 13A/C 1 P1922
tr| AOABB6GM94 | ADASBEGMIA_MYTGA AOABBEGMI4 ATP-dependent DNA helicase 2 subunit 2 1 P1923
tr| AOABBEGMK6 | AOABBEGMKE_MYTGA AOABB6GMKE EF-hand domain-containing protein (Fragment) 1 1924
tr| AOABBEGMW 1| AOABBEGMW 1_MYTGA AOABBEGMW 1 Ras GTPase-activating protein 1 1 P1925
tr| AOABB6GMW3 | ADASB6GMW3_MYTGA AOA8BEGMW3 Bromodomain adjacent to zinc finger domain protein 1A (Fr: 1 P1926
tr| AOABB6GN13 | AOABBEGN13_MYTGA AOABB6GN13 NADP i i ing protei 1 1927
tr| AOABBEGNS 1| ADABBEGNS1_MYTGA AOABB6GNS1 NADH dehydrogenase [ubii 1alpha asse 1 P1928
tr| AOA8B6GNAG | AOABBEGNA6_MYTGA AOASB6GNAG ubiquitinyl hydrolase 1 (Fragment) 1 P1929
tr| AOABBEGNF2 | AOASBEGNF2_MYTGA AOABBEGNF2 Cell wall hydrolase SleB domain-containing protein 1 1930
tr| AOABB6GNI6 | AOASBEGNIE_MYTGA AOABB6GNI6 ATP-dependent RNA helicase DOB1 1 P1931
tr| AOABB6GNQ2 | AOABB6GNQ2_MYTGA AOABB6GNQ2 Radixin 1 1932
tr] AOABBEGPAO | ADASBEGPAO_MYTGA AOABBEGPAO Uncharacterized protein 1 1933
tr| AOAB6GPC3 | ADASBEGPC3_MYTGA AOABB6GPC3 SHSP domain-containing protein 1 P1934
tr| AOABB6GPI6 | AOABBEGPI6_MYTGA AOABB6GPI6 Vesicletransport protein 1 1935
tr| AOABB6GPLA | AOABBEGPLA_MYTGA AOABB6GPLA c-Myc-binding protein 1 P1936
tr| AOASB6GPT2 | AOA8B6GPT2_MYTGA AOA8BBEGPT2 UBX domain-containing protein 1 1 P1937
tr| AOABB6GRBO | AOASBEGRBO_MYTGA AOABB6GRBO Uncharacterized protein (Fragment) 1 1938
tr| AOABB6GRB2 | AOASBEGRB2_MYTGA AOABB6GRB2 Galectin 1 P1939
tr| AOASB6GRE2 | AOA8B6GRE2_MYTGA AOA8BBEGRE2 WD repeat and coiled-coil-containing protein 1 P1940
tr| AOABB6GRIO | AOABBEGRIO_MYTGA AOABB6GRIO TOM1-like protein 2 1 P1941
tr| AOABB6GRLS | AOABBEGRLS_MYTGA AOABB6GRLS Intraflagellar transport protein 172 (Fragment) 1 P1942
tr| AOABB6GRWO | AOABBEGRWO_MYTGA AOABB6GRWO Lfuconate dehydratase 1 1943
tr| AOABB6GRZ3 | AOABBEGRZ3_MYTGA AOABB6GRZ3 Chaperonin GroES 1 P1944
tr| ADABB6GS47 | AOA8B6GS47_MYTGA AOA8BEGS47 Dehydrogenase/reductase SDR family member 7 1 P1945
tr| AOABB6GS64 | AOABB6GS64_MYTGA AOABB6GS64 WD repeat-containing protein 61 1 P1946
tr| AOABB6GS71 | AOABB6GS71_MYTGA AOABB6GS71 Ca2+transporting ATPase, plasma membrane 1 P1947
tr| ADABB6GS96 | AOA8B6GS96_MYTGA AOA8B6GSI6 Ciliary-associated calcium-binding coiled-coil protein 1 1 P1948
tr| AOABB6GSS3 | ADABBEGSS3_MYTGA AOABB6GSS3 tRNA (Cytosine34-C5)-methyltransferase 1 P1949
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tr| AOABB6GTO4 | AOABB6GTO4_MYTGA AOABB6GTO4 AP-3 complex subunit delta 1 P1950
tr|ADA8B6GT15 | AOASB6GT15_MYTGA AOA8B6GT1S Sm protein G 1 P1951
tr| AOABB6GT63 | AOABBEGTE3_MYTGA AOABB6GT63 tRNA (Cytosine34-C5)-methyltransferase 1 P1952
tr| AOA8B6GTN1|AOA8B6EGTN1_MYTGA AOA8BEGTN1 Phenazine biosynthesis-like domain-containing protein 1 P1953
tr| AOABB6GTQ2 | AOASB6GTQ2_MYTGA AOASB6GTQ2 UV excision repair protein RAD23 1 P1954
tr| AOABB6GTU9 | ADASBEGTUI_MYTGA AOABB6GTU9 Lysine-specific histone demethylase 1A 1 P1955
tr| ADA8B6GU25 | ADABB6GU25_MYTGA AOA8BEGU25 HMG box domain-containing protein 1 P1956
tr| AOABB6GUG3 | AOABBEGUE3_MYTGA AOABB6GUG3 Cytosolic nonspecific dipeptidase 1 P1957
tr| AOABBEGUKS | AOABBEGUKS_MYTGA AOABBEGUKS Glycoside hydrolase family 13 N-terminal domain-containin 1 P1958
tr| AOA8B6GURO | AOA8B6GURO_MYTGA AOA8BEGURO Uncharacterized protein 1 P1959
tr] AOABBEGUW4 | ADASBEGUWA_MYTGA AOABBEGUW4 MICOS complex subunit MIC13 1 P1960
tr| AOABB6GVS0 | ADASBEGY50_MYTGA AOABB6GV50 Enoyl reductase (ER) domain-containing protein 1 P1961
tr| AOABB6GVS8 | ADABBEGV58_MYTGA AOABB6GV58 non-specific serine/threonine protein kinase 1 P1962
tr| AOABB6GVI2 | AOASBEGVI2_MYTGA AOABB6GV)2 cathepsin X 1 P1963
tr| AOA8B6GVN1 | ADASB6EGVN1_MYTGA AOA8BEGVN1 Malate dehydrogenase 1 P1964
tr| AOABB6GVP9 | ADASBEGVPI_MYTGA AOABB6GVPY GMP synthase (Glutamine-hydrolysing) 1 P1965
tr] AOABB6GVV3 | ADASBEGVV3_MYTGA AOABB6GVV3 Vacuolar protein sorting-associated protein 13A/C 1 P1966
tr| AOABB6GWBO | AOA8B6GWBO_MYTGA AOA8BEGWBO arginine-tRNA ligase 1 P1967
tr] AOABBEGWHO | AOASBEGWHO_MYTGA AOABBEGWHO VWFA domain-containing protein 1 P1968
tr| AOABB6GX31|ADASBEGX31_MYTGA AOABB6GX31 Lysosomal acid lipase/cholesteryl ester hydrolase 1 P1969
tr| ADABB6GX76 | AOABB6GX76_MYTGA AOASB6GX76 NAD(P)H oxidase (H202-forming) 1 P1970
tr] AOABB6GXCO | ADASBEGXCI_MYTGA AOABBEGXC9 Uncharacterized protein 1 P1971
tr| AOABB6GXF7 | AOA8BEGXF7_MYTGA AOA8BEGXF7 Renalase 1 P1972
tr| AOABB6GYGS | ADABB6GYGE_MYTGA AOABB6GYGS Mitochondrial proton/calcium exchanger protein 1 1973
tr| AOABB6GYRO | AOABBEGYRO_MYTGA AOABBEGYRO Actin (Fragment) 1 1974
tr| ADA8B6GZ56 | AOA8B6GZ56_MYTGA AOA8B6GZ56 Kynurenine formamidase 1 P1975
tr| AOABB6GZ88 | AOABB6GZ88_MYTGA AOABB6GZ88 Actin beta/gamma 1 1 P1976
tr| AOABBEGZNO | AOASBEGZNI_MYTGA AOABBEGZN9 Eukaryotic translation initiation factor 4 gamma 2 1 P1977
tr| AOA8B6GZR7 | AOA8B6GZR7_MYTGA AOA8B6GZR7 Ficolin 1 P1978
tr| AOABB6GZRS | AOABBEGZR8_MYTGA AOABB6GZR8 mannose-6-phosphate isomerase 1 1979
tr| AOABBEH023 | AOASBEHO23_MYTGA AOABB6HO023 Fumarate hydratase, class|I 1 P1980
tr| AOA8B6HOD6 | AOASBEHOD6_MYTGA AOA8BEHOD6 Vacuolar protein sorting-associated protein 29 1 P1981
tr| AOABB6HOES | AOABBEHOE_MYTGA AOABBEHOES UPAR/Ly6 domain-containing protein (Fragment) 1 P1982
tr| AOA8B6HOMS | AOA8BEHOMS_MYTGA AOA8BEHOMS EF-hand domain-containing protein 1 P1983
tr| AOABB6HOQ4 | AOABBEHOQ4_MYTGA AOABB6HOQ4 Small ribosomal subunit protein us19 1 1984
tr] AOABBEHOR3 | AOASBEHOR3_MYTGA AOABBGHOR3 Methyltransferase domain-containing protein 1 P1985
tr|AOA8B6H114 | ADA8B6EH114_MYTGA AOA8BEH114 Uncharacterized protein 1 P1986
tr| AOABB6H139 | ADASBEH139_MYTGA AOABB6H139 Hexosyltransferase 1 1987
tr| AOABB6H151 |AOASBEH151_MYTGA AOABBEH151 Death-associated protein 1 1 P1988
tr| AOA8B6H1GO | ADASB6H1GO_MYTGA AOA8BEH1GO 'WDA40 repeat-containing protein SMU1 1 P1989
tr| AOABB6H1K1 |AOASBEH1K1_MYTGA AOABBGH1K1 High mobility group protein B1 1 1990
tr| AOASBE6H1Y6 |AOA8BEH1Y6_MYTGA AOA8BEH1Y6 C-terminal binding protein 1 P1991
tr| AOABB6H2G | AOABBEH2GI_MYTGA AOABB6H2G9 Tetraspanin-18 1 P1992
tr| AOABB6H2K2 | AOASBEH2K2_MYTGA AOABBEH2K2 Major facilitator superfamily associated domain-containing 1 1993
tr| AOA8B6H2N7 | ADASBEH2N7_MYTGA AOA8BEH2N7 Pre-mRNA-splicing factor CWC22 1 P1994
tr| AOABB6H2P4 | ADASBEH2PA_MYTGA AOABBGH2P4 Charged multivesicular body protein 2a 1 P1995
tr] AOABB6H2RO | ADASBEH2RO_MYTGA AOABBEH2RO Xaa-Pro dipeptidase 1 P1996
tr|AOA8B6H354 | AOA8BEH354_MYTGA AOA8BEH354 TPM domain-containing protein 1 P1997
tr| AOABB6H362 | AOASBEH362_MYTGA AOABB6H362 Diaphanous 2 1 1998
tr| AOABBGH3F7 | AOABBEH3F7_MYTGA AOABBEH3F7 Metalloendopeptidase 1 P1999
tr| AOA8B6H3T7 | AOASBEH3T7_MYTGA AOA8BEH3T7 Pre-mRNA-splicing factor CWC22 1 P2000
tr| AOABB6H4P9 | ADASBEHAPI_MYTGA AOABBEH4P9 Mitochondrial import inner membrane translocase subunit 1 2001
tr| AOA8B6HAR2 | AOA8BEHAR2_MYTGA AOA8BEH4R2 Enoyl-CoA hydratase 1 P2002
tr| AOABBEHA4V6 | ADABBEHAVE_MYTGA AOABBGHAVE Granulins domain-containing protein 1 2003
tr] AOABBEHS00 | AOASBEHS00_MYTGA AOABBEH500 Uncharacterized protein 1 2004
tr|AOA8B6H503 | AOA8BEH503_MYTGA AOA8BEH503 Flotillin-1 (Fragment) 1 P2005
tr| AOABBGHSBS | ADASBEHS5BE_MYTGA AOABBGHSBS Plasminogen receptor (KT) 1 2006
tr| AOABBEHSC3 | ADASBEHSC3_MYTGA AOABBEHS5C3 Tubulin alpha chain 1 2007
tr|ADASB6HS5L2 |AOA8BEHS5L2_MYTGA AOA8BEHS5L2 Major vault protein 1 P2008
tr| AOABBEHS MO | AOASBEHSMO_MYTGA AOABBEHSMO GB1/RHD3-type G domain-containing protein 1 2009
tr| AOABBEHSPS | AOASBEHSPS_MYTGA AOABBEHSPS Dynein axonemal intermediate chain 4 1 2010
tr| AOABB6HSV4 | AOASBEH5V4_MYTGA AOA8BEH5VA Superoxide dismutase, Cu-Zn family 1 P2011
tr| AOABB6HGLS | AOABBEH6LB_MYTGA AOABBEH6L8 Uncharacterized protein 1 2012
tr|AOA8B6H759 | ADA8BEH759_MYTGA AOA8BEH759 Ubiquitin-like 1-activating enzyme E1 A 1 P2013
tr| AOABB6H771|AOASBEH771_MYTGA AOABBEH771 Ctype lectin domain-containing protein 1 2014
tr| AOABB6H792 | AOASBEH792_MYTGA AOABBEH792 Uncharacterized protein 1 P2015
tr| AOA8B6H7K9 | ADABBEH7KI_MYTGA AOA8BEH7KS RRM domain-containing protein 1 P2016
tr| AOABB6H7LS | AOABBEH7LS_MYTGA AOASBGH7L8 PFL domain-containing protein 1 2017
tr| AOABBEH7PS | AOASBEH7P5_MYTGA AOABBEH7PS Tubulin alpha chain 1 2018
tr|AOA8B6H7R3 | AOA8BEH7R3_MYTGA AOA8BEH7R3 Serpin B 1 P2019
tr| AOABB6HS31|ADASBEHB31_MYTGA AOABB6HS31 VPS35 endosomal protein-sorting factor-like 1 2020
tr| AOABBGHS37 | AOASBEHS37_MYTGA AOABBGHS37 Uncharacterized protein 1 P2021
tr| AOABB6H8M2 | AOASBEHBM2_MYTGA AOABBGHEM2 sulfide:quinone oxidoreductase 1 2022
tr| AOABBEHSNG | AOABBEHENG_MYTGA AOABBEHSNG AsparaginyltRNA synthetase 1 2023
tr| AOA8B6H8P4 | AOABBEH8P4_MYTGA AOA8BEH8P4 3-methylcrotonyl-CoA carboxylase beta subunit 1 P2024
tr| AOABB6HST4 | AOABBEHETA_MYTGA AOABBGHST4 Enolase4 1 2025
tr| AOABBEHI44 | ADASBEHI44_MYTGA AOABBEHI44 6-phosphofructokinase 1 P2026
tr| AOA8B6H945 | AOASBEHI45_MYTGA AOA8BEHI45 Uncharacterized protein 1 P2027
tr| AOABB6HI82 | ADASBEHI82_MYTGA AOABB6H982 Cullin1 1 2028
tr| AOABBEHIBO | AOASBEHIBI_MYTGA AOABBEHIBY Troponin T, fast skeletal muscle 1 P2029
tr| AOA8B6HID1 | AOABBEHID1_MYTGA AOA8BEHID1 Low-density lipoprotein receptor-related protein 4 1 P2030
tr| AOABB6HIZ8 | AOABBEHIZ8_MYTGA AOABBEHIZ8 Tensin 1 2031
tr| AOASBGHAO3 | AOASBEHAO3_MYTGA AOABBGHAO3 Sulfide:quinone oxidoreductase 1 P2032
tr| AOABB6HAAS | ADASBEHA48_MYTGA AOABBGHA4S C2 domain-containing protein 1 2033
tr| AOABBEHAG3 | ADABBEHAG3_MYTGA AOABBEHAG3 Caspase-3 1 2034
tr| AOASB6HALY |AOASBEHALY_MYTGA AOASBEHALY Exportin-1/Importin-beta-like domain-containing protein 1 P2035
tr| AOABB6HAR2 | AOASBEHAR2_MYTGA AOASBGHAR2 SH3 domain-containing protein 1 2036
tr| AOABBEHATL | AOABBEHATL_MYTGA AOASBEHATL i lated domain-containing protein 1 2037
tr| AOA8B6HB26 | AOA8BEHB26_MYTGA AOA8BEHB26 Uncharacterized protein 1 P2038
tr| AOABBGHBES | AOABBEHBES_MYTGA AOABBEHBES UBX domain-containing protein 1 2039
tr| AOA8B6HBXO0 | AOA8BEHBX0_MYTGA AOA8BEHBX0 beta-N-acetylhexosaminidase 1 P2040
tr| AOABB6HBX2 | AOASBEHBX2_MYTGA AOA8BEHBX2 Lysosomal acid phosphatase 1 P2041
tr| AOABB6HBZ2 | AOABBEHBZ2_MYTGA AOABBEHBZ2 Mannose receptor, C type 1 2042
tr|ADABB6HCA4 | AOASBEHCA4_MYTGA AOASBEHCA4 Receptor ligand binding region domain-containing protein 1 P2043
tr| AOABB6HCKO | AOASBEHCKO_MYTGA AOABBGHCKO CLIP-associating protein 1/2 1 2044
tr| AOABBEHCM2 | AOASBEHCM2_MYTGA AOABBEHCM2 Glutamate--cysteine ligase 1 P2045
tr|AOA8B6HDS51|ADABB6HDS51_MYTGA AOA8BEHDS51 Kynurenine formamidase 1 P2046
tr| AOABBEHDD1|AOABBGHDD1_MYTGA AOABBGHDD1 Adenylyl cyclase-associated protein 1 2047
tr| AOABBEHDIO | AOASBEHDIO_MYTGA AOABBGHDIO Replication factor C subunit 2/4 1 2048
tr|AOA8B6HD)1|AOABBEHDJ1_MYTGA AOA8B6HDJ1 Aubergine 1 P2049
tr| AOABBEHDVO | AOABBEHDVO_MYTGA AOABBEHDVO Oxysterol-binding protein 2 1 2050
tr| AOA8B6HDV2 | ADASB6EHDV2_MYTGA AOA8BEHDV2 Arylsulfatase B 1 P2051
tr| AOABBGHEA7 | AOABBGHEA7_MYTGA AOABBGHE47 Protein dpy-30 homolog 1 2052
tr| AOABBEHEG7 | AOABBEHES7_MYTGA AOABBEHEG7 Cleavage stimulation factor 50 kDa subunit 1 P2053
tr| AOASBE6HEF8 | AOABBEHEF8_MYTGA AOA8BEHEF8 Protein DJ-1 (Fragment) 1 P2054
tr| AOABBEHEG2 | AOASBEHEG2_MYTGA AOABBGHEG2 Poly [ADP-ribose] polymerase (Fragment) 1 P2055
tr| AOABBGHEIS | AOABBEHEIS_MYTGA AOABBGHEIS Mitochondrial import receptor subunit TOM22 homolog 1 P2056
tr| AOASB6HEL4 | AOASBEHELA_MYTGA AOA8BEHEL4 Regucalcin 1 P2057
tr| AOABBEHEV7 | AOABBEHEV7_MYTGA AOABBEHEV? Cysteine and glycine-rich protein 1 2058
tr| AOABBEHFG7 | AOASBEHFG7_MYTGA AOABBEHFG7 DNA mismatch repair protein 1 P2059
tr| AOASB6HFP1|AOABBEHFP1_MYTGA AOA8BBHFP1 Actin-related protein 3 1 P2060
tr| AOABBEHFTO | AOASBEHFTO_MYTGA AOABBGHFTO Inositol-1-monophosphatase (Fragment) 1 P2061
tr| AOA8B6HG48 | AOABBEHGA48_MYTGA AOA8BEHG48 Uncharacterized protein 1 P2062
tr| AOABB6HGJ 1| AOABBEHGI1_MYTGA AOABBGHGI1 Coiled-coil-helix-coiled-coil-helix domain-containing protei 1 2063
tr| AOABBEHGP? | AOABBEHGP7_MYTGA AOABBEHGP7 non-specific serine/threonine protein kinase 1 P2064
tr| ADA8B6HGZ8 | AOASBEHGZ8_MYTGA AOASB6HGZ8 Cilia-and flagella-associated protein 44 (Fragment) 1 P2065
tr| AOABB6HH78 | AOABBEHH78_MYTGA AOABB6HH78 non-specific serine/threonine protein kinase 1 P2066
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tr| AOABBEHHO3 | ADABBEHHI3_MYTGA AOABBEHHO3 Uncharacterized protein (Fragment) 1 P2067
tr| AOA8B6HHF5 | AOASBEHHFS_MYTGA AOA8BEHHFS RNA helicase 1 P2068
tr| AOABBEHHLG | AOASBEHHL6_MYTGA AOABBGHHLE Uncharacterized protein 1 P2069
tr| AOABBEHHS6 | AOASBEHHS6_MYTGA AOABBEHHS6 C1q domain-containing protein 1 P2070
tr| AOABBEHHU2 | AOABBEHHU2_MYTGA AOABBGHHU2 splicing factor 38 subunit 3 (Fragment) 1 2071
tr] AOABBGHIAS | AOABBEHIAS_MYTGA AOABBEHIAS inositol-1,4 1 (Frag: 1 2072
tr| ADASBEHIKS | AOASBEHIKS_MYTGA AOA8BEHIKS Uncharacterized protein 1 P2073
tr| AOA8B6HIWO | ADABBEHIWO_MYTGA A0A8BBHIWO Uncharacterized protein 1 P2074
tr| AOABB6H)30 | AOASBEHI30_MYTGA AOABB6HI30 SAP domain-containing ribonucleoprotein 1 2075
tr| AOA8B6HIW7 | ADABBEHIW7_MYTGA AOA8BEHIW7 3-hydroxybutyrate dehydrogenase 1 P2076
tr| AOABB6HIYO | AOABBGHIYO_MYTGA AOABBGHIYO Cilia-and flagella-associated protein 126 1 2077
tr] AOABBEHKA9 | AOASBEHKA9_MYTGA AOABBEHKA9 Protein kinase domain-containing protein 1 2078
tr| AOA8B6HK58 | AOABBEHKS8_MYTGA AOA8BEHKS8 Proteasome component ECM29 (Fragment) 1 P2079
tr| AOABBEHKES | AOABBEHKES_MYTGA AOABBEHKES Succinate dehydrogenase (Ubiquinone) cytochrome b560 su 1 2080
tr| AOABBEHKHS | AOABBEHKH5_MYTGA AOABBEHKHS UDPglucose 6-dehydrogenase (Fragment) 1 2081
tr| AOA8B6HKT9 | AOASBEHKTI_MYTGA AOASBEHKTY Nidogen (Entactin) (Fragment) 1 P2082
tr] AOABBEHKX6 | AOASBEHKX6_MYTGA AOABBEHKX6 Annexin 1 2083
tr| AOABBEHLTI | AOASBEHLTI_MYTGA AOABBGHLTI U2 small nuclear ribonucleoprotein A 1 2084
tr| AOA8B6HMMA4 | ADASBEHMMA_MYTGA AOA8BEHMM4 alpha-L-fucosidase 1 P2085
tr] AOABBEHMQL | AOABBEHMQL_MYTGA AOASBEHMQL Small subunit ribosomal protein 534 1 2086
tr| AOASB6EHN84 | ADABB6EHN84_MYTGA AOA8BEHN84 DUF4200 domain-containing protein 1 P2087
tr| AOA8BEHNH4 | AOABBEHNHA_MYTGA AOASBEHNH4. Superoxide dismutase [Cu-Zn] 1 P2088
tr] AOABBGHNS1 | ADASBEHNS1_MYTGA AOABBGHNS1 Aminopeptidase 1 2089
tr| AOABBEHNXS5 | ADASBBEHNX5_MYTGA AOA8BEHNXS Pre-mRNA-processing factor 39 1 P2090
tr| AOABBGHPIS | ADASBEHPI8_MYTGA AOABBGHPIS Solute carrier family 5 (Sodium/glucose cotransporter), men 1 2091
tr| AOABB6HPS1 | AOABBEHPS1_MYTGA AOABBEHPS1 molybdopterin molybdotransferase 1 2092
tr| AOASB6HPZ2 | AOA8B6HPZ2_MYTGA AOA8BEHPZ2 Cysteine dioxygenase 1 P2093
tr| AOABBEHQN1 | AOABBGHON1_MYTGA AOABBEHQN1 3-methylcrotonyl-CoA carboxylase alpha subunit 1 2094
tr| AOABBEHQZO | AOASBEHQZ9_MYTGA AOABBEHQZ9 UBX domain-containing protein 1 1 2095
tr| AOASB6HRY8 | AOA8B6HRYS_MYTGA AOA8BEHRY8 Uncharacterized protein 1 P2096
tr| AOABB6HRZ2 | AOABBEHRZ2_MYTGA AOABBGHRZ2 MANSC domain-containing protein 1 2097
tr| AOABB6HS14 | AOABBEHS14_MYTGA AOABBEHS14 Aubergine 1 2098
tr| AOA8B6HSEQ | AOASBEHSEO_MYTGA AOA8BEHSEO DNAtopoisomerase 2-associated protein PAT1 1 P2099
tr| AOABB6HSQ9 | ADASBEHSQI_MYTGA AOABBEHSQ9 Tyr recombinase domain-containing protein 1 2100
tr| AOABBEHSW4 | ADASBEHSWA_MYTGA AOABBEHSW4. Kindlin 2 1 P2101
tr| AOA8B6HT34 | AOASB6HT34_MYTGA AOASBEHT34 Maleylacetoacetate isomerase 1 P2102
tr| A4UDY5 | A4UDY5_MYTGA A4UDYS Vitelline coat lysin M7 (Fragment) 1 2103
tr|A7XP66 | A7XP66_MYTGA A7XP66 Myticin B 1 P2104
tr|B6ZCBO|B6ZCBO_MYTGA B6ZCBO Large ribosomal subunit protein P1 1 P2105
tr|E4Z7F7 [E4Z7F7_MYTGA E4Z7F7 Casein kinase I subunit alpha 1 P2106
tr|E4Z7F8|EAZ7F8_MYTGA E4Z7F8 Casein kinase Il subunit beta 1 P2107
tr| ESKXFL|ESKXF1_MYTGA ESKXF1 Fibrinogen-related protein 1 2108
tr|E62CD4|E6ZCD4_MYTGA E62CD4 Fibrinogen-related protein 2 1 2109
tr|E6ZCDS |E6ZCDS_MYTGA E6ZCD5 Fibrinogen-related protein 3 1 P2110
tr| FOV440|FOVA40_MYTGA FOV440 Putative C1q domain containing protein MgC1q3 1 P2111
tr|FOV442 |FOVA42_MYTGA FOV442 Putative C1q domain containing protein MgC1q5 1 P2112
tr|FOV452 |FOV452_MYTGA FOV452 Putative C1q domain containing protein MgC1q15 1 P2113
tr|G5D8WA|GSDBWA_MYTGA G5D8W4 Cytochrome ¢ oxidase subunit 4 (Fragment) 1 P2114
tr|H6BIK1 |HEBIK1_MYTGA HEBIK1 Myticin C 1 P2115
tr|H6BJQ4 |H6BIQA_MYTGA H6BJQ4 Myticin C 1 P2116
tr]16TK96|16TKI6_MYTGA 16TK96 Thiredoxin 1 P2117
tr|QOHIP8 | QOHIPS_MYTGA QOH9P8 Vitelline coat lysin M7 (Fragment) 1 P2118
tr|Q53106|Q53106_MYTGA Q53106 Heat shock protein 70 1 P2119
tr|QSFOI9 |Q5FOI9_MYTGA Q5FOI9 ATP synthase subunit a 1 2120
tr|Q5F0J6]|QSFOJ6_MYTGA QsFoJe Cytochrome ¢ oxidase subunit 2 1 P2121
tr|QSFIM4|QSFLM4_MYTGA Q5F1M4 Cytochrome c oxidase subunit 1 1 P2122
tr|QSFINO|QSFINO_MYTGA Q5FINO Cytochrome ¢ oxidase subunit 2 1 2123
tr|Q512A7 | Q512A7_MYTGA Q512A7 HSP70 1 P2124
tr|Q9Y0B1|Q9YOB1_MYTGA Q9Y08B1 Mytilin B 1 P2125
tr|R4JGL3 |R4JGL3_MYTGA RAJGL3 Baxinhibitor-1 protein 1 P2126
tr|R41JI12|RAJII2_MYTGA RAJII2 Apoptosis regulator BAX 1 P2127
tr|UBGLV7|U3GLV7_MYTGA U3GLV7 17 beta-hydroxysteroid dehydrogenase 12 1 P2128
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	SOD activity was measured by calculating the reduction in absorption of the substrate cytochrome c by the xanthine oxidase/hypoxanthine system at 550 nm, and the responses were represented as U mg-1 protein (McCord & Fridovich, 1969).
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